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Power converter 

The Invention concerns a power converter for use In green power appIicaHons 
and particulariy a module concept "Green power Is the tenn used for eneigy 
5 sources like wind, sun or fUel cells, and the Inventive power converter can be 
used for these different sources of electrical energy. 

The power generated by green power units is converted into a voitage and a 
frequency suited to the commerdal mains. Conversion is typically done by 

10 using a switch mode DC/DC converter followed by a conversion Into AC. DE 
199 1 9 766 A1 describes the use of paralleled DC/DC converters that ans 
electrically connected to the same DC^AC Inverter. In this way, all DC/DC 
converters feed eneigy to a common DC bus, and advantageously only one 
DC/AC inverter is used. Thus, a green power Inverter unit Is made which 

IS consists of several DC/DC modules connected to a DC/AC Inverter. 

It would be of interest to enable a control of each of the modules used in the 
system. The object of the Invention is to provide a sulTiclent, yet easy, form of 
controlling power modules used inside a power converter. 

20 

This is done with a power converter according to the Independent dabn. 

Advantageously, a system with distributed inteHigence is achieved. As eadi 
module has Its own controBer, gaivanlcaily separated from the other 

25 controller, and communicating via a bus, each module controls itself 

aceoreling to commands received from other modules. Thus, a high degree of 
load management and load distribution is possible. But also flexibility is 
achieved. Exchanging a photovoltaic DC/DC module with a fuel cell module is 
possible, because the controller on the module has an control strategies at 

30 hand. The same DC/AC inverter can be used 
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Figure 1 .22A shows a photovoltaic cell P feeding direct current to an H-bridge 
DC/DC converter. 

5 

The control of the total system Is divided Into two control drcults 1 and 2 
galvanlcally Isclated from each other. In this embodiment, a micro controller 
regulates the converter, and a Digital Signal Processor regulates the Inverter. 
The DC/DC converter and controller are placed on a first module A and 

1 0 Inverter and controller are placed on a second module B. In ttite w/ay, a 
modularized system Is achieved, which makes customisation easy. Thus, In 
the case where the energy cell Is not a photovoltaic oeU tnit a fuefl cefl, 
module A Is replaced l>y modul A* or A" comprising a control and a DC/DC 
converter suited fbr a fuel cell, which supplies a lower voltage than the 

15 photovoltaic 0^1. Or, alternatively, the Inverter module B can be replaced. 
Also, the iWlan-Machlne Interface M Is an Intelligent module with 
communlcafion capabHity. Tfie concept of moduiarization may be extended 
ftirther as shown In Figure 1.22B and 1.22 C. In ng,1.22B Cu Indicates 
custom specific green power Inverters, which consists of modules. Such 

20 modules - typically prirrted circuit boards - are Indicated by the term PCB. 
Instead of having a large modul A. the DC/DC converter may consist of - 
several smaller submodules e.g. controller 3 and power module 4. ControHer 
3 communicates with the power board 5 via serial bus 8. 

25 Flg.i .22 C shows how a DC-module A Is connected to a DC-bus, which is 
common to several other DC converters. They are all feeding energy into the 
DC-bus, and DC/AC Inverter B taps the DC bus and converts the energy Into 
e grid voltage and frequency. A filter as described In this application may be 
used. Such filter Is also a module, as shown with F In Flg.i. 22 A. The 

30 modules are connected to each other via an Interface I shown on Figure 

1 .22A. Such interface is prefenedly an easy Insertion inteifece. The modules 
communicated via a serial bus. The CAN bus is preferred. 



5 



23/08 '02 18:32 FAX 748820 03_^^ DA NFOSS PATENT DPT, PATE^^^EKTORAT ©00$ 



SI 



In summary, by dividing the green power Inverter Into a DC/DC converter and 
an Inverter, adding control Intelligence to each module, the possibHity of a 
modular system Is opened. The converter and the Inverter can be designed 
5 separately, and fee changing the DC/DC converter topology can be done 
without changing the Inverter topology. Thus, the green power unit is flexible 
on a system level as well as on a converter technology level. 

Turning to Flg.1 . 22A, the DC-DC converter control is connected to minus Ml 
10 of the converter, l.e. to minus of the solar cell P. This simplifies the gate 
drives and no »dra power supplies and optolsolaters are needed. Current 
measurement may be made wMi a shunt in the minus, but a resistor 1^1 
inserted serially in the power leg Is preferred. Further, Input reference signals 
(he outside world would be on low potential. 

15 

Also, the Inverter control is connected to minus M2 of the DC/AC inverter. 
This simplifies gatedrives and supply for these, since bootstrap supply based 
gatedrive IC's could be used. Since the Inverter voltage loop always operates 
at fixed voltage reference (375 V) an external reference is not needed for ttils 
20 subcircult. 

Startup or shut-down ^nals between the tuo circuits. I.e. the first and the 
second controller, may easily be iransfen«d with Inexpensive optocouplers. 
This can be done by means of the serial bus. 



25 



The modular concept enables the distribution of intelligence. Instead of 
having one master controlling all modules, each module A, A'. B or M has ite 
own controller and communication Interface. This also accounts for the case, 
where ©,g. the DC/DC converter consists of submodules 3,4 and 5. 



30 
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Claims 

1 . Power converter comprising a DCTOC converter and a DC/AC inverter 
5 where enei^y from the DC/DC converter Is transfefTBd to the DC/AC inverter 
and where the DC/DC converter forms a first module and the DC/AC inverter 
asecond module characterized in that the DC/DC converter (A) 
comprises power swttches which are controlled by a first controHer (1), that 
the DC/AC inverter (B) comprises power switches oontrolied by a second 
10 controller (2), where the first and second controller are gahranlcally Isolated 
ftom each other, and where the first and second controller each Incorporates 
a serial communication Interface and communicates v«lh each other via a 
galvanically separated serial bus. 

15 2. Power com«rter according to claim 1 characterized In that the DC/DC 
converter and the DC/AC converter respectively consists of several 
submodules, one submodule being a control module, another submodule 
being a power switch module. 

20 3. Power converter according to one of the preceeding claims characterized 
In that the first controner Is connected to minus of the DC/DC converter, and 
that the second controller is connected to minus of the DC/AC Inverter. 

4. Power converter acoording to one of the preceeding claims characlertzed 
25 In that a man-machine interface moduia Is connected to the serial 

communicaOon bus. 

5, Power converter according to one of «ie preceeding dalms (Siaracterized 
In that the DC/DC converter comprises an H-bridge of power switches, and 

30 that the DC/AC Inverter also comprises an H-bridge of power switches. 
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6. Power coiwerteracooidlngtodalmScharacterized in that at least one 
current sensor, preferably a ^unl. Is inserted in a leg of the H-bridge in the 
converter and the inverter respectively, and that the current signals are led to 
the first and second controller respectively. 

7. Power converter according to one of the proceeding claims characterized 
In that the converter is cuaent controlled and that the inverter is voltage 
controlled. 

8. Power converter according to claim 1 characterized in that other DC/DC 
convertere or other DC/AC Inverters communicate with the controllers (1 ,2) 
via the serial bus. 
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Abstract 

Power converter 

5 The Invention concerns a power converter for use In green power 

applications, and partlculariy a module concept. ."Green power" Is the temi 
used for energy sources like wind, $un or fuel cells, end the inventive power 
converter can be used for these different sources of electrical energy. It is of 
interest to enable a control of each of the modules used In a green power 

10 Inverter system. This object is reached in that a DC/DC converter (A) 

comprises power switches ^AMch are controlled by a first controller (1 ), that 
the DC/AC inverter (B) comprises power switches controlled by a second 
controller (2), and (hat the first and second controller are galvanically Isolated 
from each other. Further, the first and second controller each Incorporates a 

15 serial communication Interface and communicates with each other via a 
galvanically separated serial bus. 
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AlatrvLct — Thl* pftper prssesta a new sprf d cozmscted 
invdrcfiff fbr fuel eaUa. It consists of a two staes pow«r 
cammrOon topology* Slnc« tbe fael ceU oper&t^s with a 
low voTtft^ In ft. vrldfe voltaeo vansa (25V-d£5VJ thii volt- 
iSO nnvt bo trsnsformod to orocind QSO^^OV in ordor to 
Invert thU de pov/er Izoo ae power to fhs srid. Tiie pro« 
posftd coavarter ooiudato of an isolvtod dodc Dosvartar 
eascadod with a ilagla plmo H-bzidgo Isvortar* Vhv 
do-dc ooxcvezter Is a eunrent-fod putfh-pull coxEvarter* A 
now dadicatttd volta«a moda itOxtup pk^eadura has baan 
dowolop^ io ordas- to Um£t tha Inr^U^ a«(vroaet dvtrlns 
startup. Tha tavartav Is eonfcrollod as u. powar fibeco» eotk- 
tzoUar with rosistor cmuUtlon. 

jEbq;iectm6ntaI results of oozxvarfcar efflelox&cyy grid par> 
fonnanca and foal call rosponso arc shown for a X kW 
protow^ proposed eoawierter eMfhlblfta a hi^ aS- 
etamqr ia a wSda powar ranjsa {JtO^tn than D9S%) and the 
Ukvartv op awdkas with a A«ar «ial^ powar fbotor and a 
low cmrwit TBCD. 



L iNTRODtlCTION 

GRS^EN pow«r(reaewable power) becomes Increas- 
ingly more hnpoztant due to ^bal poUutioa prob- 
lems. There eadst many different types of greea power 
technologied audi as -wind tmbines, pbotovoltai^ c^Qs 
and fad cella* Wmd turbines and photovoltaic cellfi ere 
well known and matured tecbpologles but both hsve an 
obvious disadvantage: these tochnologies deli-vers only 
power whffin*th« wind blows/the don is sbinhig. Thus, 
these technologies oaJtoot be used as primaiy power sup- 
ply in the gnd. 

FViel oeDs can i»roduoe power (electKfcal sod tbexmaZ) 
when soppBed with foA and fo^ ceQ8(in some tedmolo- 
gles} can hffv« bidirectional power flow. In this case the 
fuel cdl can ther^m operate as an enei^ storage. A 
fdd cell Eystem can also be used 9$ m unint^rraptable 
X>ower supply for a bousei a fiutoxy or a village. Fig. Ia 
shows a ^Ical dectrio-duxactedstic of a Sud cell. 




tnuortar fn ftid eells. •) Fhsl otil ch a rtetwp' 



isfiilo sad bj 7\isl cflB and Inytsisr. 

M»ny converter topolosies are investigated in the lit- 
eratupft for photovoltaic cells and for fuel cells 
The different converter topologies are compaTed with 
regards to tha converter effi^en^ and cost. 



This paper deals 'V'itb a grid connected fuel cell con- 
verter. In Older to utilize the fuel as good as possible 
the fud ceil converter/Qieen Power Inverter (GPI) must 
have a high and broad effidency didraetezifitic It is 
important to notice that the input voltage to the GPI 
{vFc) is variable and that Vfc decreases with hicreas. 
ing power (cf. fig. la). The power range of the fud ceH 
investigated in this paper is 1 KW peai power at 25 V 
and the the no load voltage is 45 V. 

In section U the resaon for choosing the proposed cour 
verter id ^ven. Next the functionality and design as- 
pects of the do>.dc converter are described. In section 
IV the hardware of the grid connected Inverter is £^ven 
and section V describes the oonbrol of the whole green 
power isvoter. Finally eeperimental results are shown. 

II. Topologies pou ga££H ipgwbk mvEaRXERs 

The special application must be eonsidered in oid^ to 
select a proper converter topology and the overall per- 
fbnnance reqmrements to the GPI axe 

• to control the fad ceQ voltage according to a g^ren 
referencei 

m to ddhrer a grid current with a high power factor and 
a low cDzrent THD, 

w to have a high efficiency in the whole operating range, 

• the high fireqtuenc^rlppls of the fiidodlciirrent should 
be smsll, 

• the cost should be mhdmis»d. 

2h addition, the GPI nmst provide galvanic Isolation 
between the fildceU terminals and the utility grid. Since 
the fdd cell operates bx the voltage range 25-45 V^^ and 
the grid vpltaise is 330 Vims tHe GPI rnnst patform two 
tasks: The power must be inrverted and the voltage must 
be amplified. As shown in Fig. 2 these tasks could d- 
ther be done by connecting an inverter to the fuel cell 
followed by a 50 Hz tran6fom3ier(AC-AC voHe^e gain) 
or by connecting a sriritch mode DC-DC converter to the 
fud cdl (DC-DC voltage gain) follo^Kred by a grid con* 
nected iimrt«?. 

A DC>DC voltase gain (switch mode DC-DC con- 
Tartar) tft prafsrred iu order tO limit physical siso and 
the cost of the system. Hencei a system with a switch- 
mcde DC-DC conv^er fbllowed by a grid connected in* 
verter es in Fig. 2b is selected. In addition, using a grid 
connected invertcEr makes the GPI system more modu- 
lar as the DC-DC converter can be replaced according 
to the application and a standard inverter eystem can 
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Invnttr 



VoIftQO Giln 



VoltBOsGiln 

D&oe 




OiU 



Fiff. 3» Sdieiii»«te dsBCzlptloii of %be GFL &) VolUfo In 
AC- AC stage vid b) ^h^^e «ftln in DO-DC vttise. 



r- 

1 Ritflfif ^ 




CM 



CwmrMDCOC 




Fls> 8* FonMr coBvortar 
idb) 



lor <JPL a) VoItaEi Ad een- 



employed.BaaJcally, the DO-DC convierter can be a 
cuiient fed or & voltage fed cdrvBrter {tL FSg. 3). A 
cnxTsnt fed DC-DC requiTes less taput filtezing in. order 
to mlnbniee tlie Ugh ficequen^ ouzrent ripple dr&^a hy 
the GPI bec&l^ the Sndnctor is placed at the input. 

Th\U| & current £ed DC-DC coxx^ert^ is selected. Thft 
two most attractive DC-DC converter topologies axe the 
puBh-pull converter and the fun-bridge cofiverter. Both 
topoloG^ea e^bit a hig^ effidency capability. They are 
iraD laitmn technologies and have a sood utilisdtion of 
l^e magnetics (bidirectional magnetization of the trans- 
fbxmer). The push-puU topology la selected in order 
to decrease the conduction losses in the switches due 
to the low fuel cell voltage. The throe most attractive 
sUigla phase inverter topdo^ed ftio the fuU-bridgeyH« 
bridge inverter, the lialf-brldge inverter and the push- 
pull in7erter. A atandaxd H-bridge toverter 13 selected 
due the good utilization of the materia]fi and a hl&h ef-* 
ficlency capabilily. The GPI topology depicted in P^. 
4 is proposed for a grid connected fuel ceU converter in 
the power range of 1 kW. 

A snubber drcnit is used to protect the MOSFPTTs in 
the push-pun converter due to the leakage inductance of 
the traaafbxmer. , 




fig. 4. Proposed Gieea Power Jmntn tqpdlacy with » pMib«puU 




9 h 



Fig. 5. Wftvcfonni for the currenb-ted putfh putt oouvertor In 
cratloaow cOndvCtion modt. 



in. CX)W«£NT FED TOSH-PTOI* GONVEBTEIt 

The current-fed Pueh-PuU converter topology is de- 
scribed in I7]-I101. As ehown in Pig. 4, the current-fed 
push-pull do.dc converter is baaicaUy an isolated boost 
comrerter and the steady state vpltage transSer fimotion 
Ibr continuous conduction mode is: 



(1) 



where is the duty-cycle seen from the inductor aa 
it can be observed in Fig. S. 

Tfiftpflftfcirtg Fig. 6 yields the following coherence be- 
twaoL Inductor duty.<^le and switdi duty-orclo Dqi 

X,, = 2fi^ (2) 

It appears that the frequency seen from the inductor 
is twice the ewitdung fiteqixancy U - 2/g)« Fig- 5 
shows waveferms in steady state for cOTFent mode oper- 
ation (J>«^0.5). 

The used pwm modulator (SQ3525 c£. [12]) id not ideal 
and an o&et in the Inductor(ovBrlapping) duTy-cycle ifl 
Iiie8entintheQrstom(c& Fig. 6). The Issput to the pwm 
modulator b the control voXtage ^lat g^vea a duty-cydo 
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accordixi^ to Fig. 6. Thud, tI)Q mlnimom inductor du^- 
<7cle is 6%. This grves riee tp a bSgh startup cinrent 
wluch may trigger the over-ouireat protection and tho 
system can therefore be dij^cult to starL 

Due to the dutty-cyde offset a new smooth startup 
procedure has been developed (see Tig, 7). Initially 
the converter Is started in voltage mode (D, < Q.6) 
and the switch duly-cyde ifi ramped up from sero to 
one half. Whim the switch dnty-c^e reachea 0.5 the 
control IG is allowed to operate. "When the pusjb-pull 
converter operates in voltage mode the micro pr OtesS Qr 
(see section V) provides gate signals to the MOSFETs 
and when tlie push-puB convezter operates in current 
mode the SG3525 pwm modulator provides the gate sig- 
nals. The miczo-processor dictates the operaling mode 
of the push-pull converter: The 'seiieet pulses' is nwd 
to select the source of the Gste signals. In addition, the 
'force Fifafawmn PWM ref ' is used to force the pmw ref- 
erence of the analog control to f>e Tninimal dndng tliB 
transition from voltage mode to current mode. When 
the push-pull c:onverter has entered currsnb mode opeP' 
ation the analog control IC is released. 

"Fig^ 8 shows the test of the implemcmted startup pro* 
cedure. Still an inrush ourrent is present but it Is rft- 
duced and £nr bdow i^e over current protection nmit so 
a smooth startup is adhiaved. 

Fitf. 9 sho^s csq^ertmental steady state converter 
-wavefiorms at 600 W and at 1000 W. There is a good 
coherence between the fllcetdied w&vefoims in Fi|;. 5 
and the experimental wog^onns in Fig. 0. In addition, 
the swltdi cmxent reveals that theva i8 a good coupling 
between the two primary transformer windings- 

Xhe transformer is the key component when design- 
ing tha eun^nt fed push-pull DC-IDC converter due to 
the demand for a high efficient. A Mgi effiriffniy de- 
mands for a good magnetic coupling between the two 
primary windbigs In order to decrease the power dissi- 
pated in a snubber dreoit. The prlmaa^ windings are 



Fig. a. MeaBuzad izaositlain from voltage mode coattol to cumnt 
modacoottoL Tbe two top trdcee Afe gate 6^sb»I«. ^« 
txQce is the voU»gt (v^) of Uu Biubbar dxcuit (im Vig. 4) 
sad she bonom naes Is the isductor cnzzvnt C<&ol« idiS: 




Fig. 9. li^Msiuvd «t«ady state v»v«forii» of tb« carraoA tad 
pvfb pull Goovwr^. Si0a*3« from top to bottom: (clhS) 
ativtt of tbo x«et!£«d currant (-UsDi (cb2) vTCondAxy voltagih 
(cii4) udxnsj^ <w|id> voItAffk mad (dil) switch euktftot. 600 
Wfchl! lOA/div) and b) 1000 WCda: ^dA/dlv). 
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Fie- 10. littft^tsr confipimlpn tha output stofift Of (lie 
power tanraztar. 



tbe most impoKtanft part in tfafi tnmsfinmer desiga due 
to the blfi^ coupling nqoiiemttat ead the liSgh current 
tfazoo^ Sieee wtodiags. Difierent types of magaetlc de* 
signs tested aad a transfonner with copper foil fox 
the pximazy windings g&ve the best ooiqifixag between 
the two prtanazy winding. This eohidoa elao ffeve the 
best efficient since the £all winding provided a good 
utilization of the -winding erea and thereby aUowSng a 
lower corzexxt denfiity In the transfbrmer. 

IV- Inverter with filter 

Ae ahovTD ia Fig. ^ a conventional tingle phase H- 
bridge isveiter is teed se DC/AC converter and aliCL* 
filter la selected at the output in order to achieve a high 
filterins of tbe inverter corrent. The inverter>filter conr 
figuration is sbovm in Fig» 10. 

The IfCL-filter has the foUowhig ooaponents in the 
s^-domaiix* 




1 



and the psrsmeten are givea In TUde I. 



(3) 
(4) 



laNBrffnreik. 



PAftAsmena. SU and At are dc-mwoe9« 



U ImHl 1 i^ rmO] I Lo \m I R. FmOl I C [mP] II 



4.0 



I 400 > 850 i 180 i H 



The aim of the inverter control is to load the DG- 
link eapadtor in. order to maintain the average of the 
do-Iinlc voltage at the dfisired value Vdc,^. The cur- 
zest impressed into the utility grid must comply with 
jE(>61000-3.3 [1]. in addition, the inverter must be 
fast enougb to protect the d&'lizik and the aemioondue- 
t0i:9 from oveToVoItages due to power processing from the 
p0wr eoorcB. In ordsr to fulfill the low harmonic regula- 
tion lEO 61000-8*2, the inverter is controlled to emulate 
a resistor il« [2}, Hence, the grid current waveform must 
be a scaler of the voltage waveform: jRo = /i^ (cf . 
pig. 11). The control ia done dif^tally. 

The emulated resistance determines the amplitude 
of the grid CQxrent and the coxrent reference /r*/ is 





— ! — b \ ; 


pintj.i it" 
5,ir W'ida^ lii^Xfl 





b) 

FIff. la. Grid coiTMit ttb a) 800W <B A/div) tad b) lOOOW (3 

A/dlv). 

formed by mul^lying the measured grid voltage \^ and 
l/fl*. A cozxventional PI-coD*roUcr is used to shape the 
grid cuizeat. As shown In Fig. 11 a fieedforward <& the 
measured grid voltage is used to reduce the dynamic Te* 
quizements to the FI<ontr6Iler. The delay coneoponds 
to the deiay associated with digital conttoh Tlie transfor 
function ^ ii(s)/^(') ^ the transte fanetloa 

from the Inverter voltage Vi(a) to the inner inductor 
current U^i) of the LCL filter (ef. Fig. 10). 

Pig. 12 shows grid current and grid voltage at 800 W 
and at l kW. The switching &equenqy and the sampling 
firequew^ are both 10 I^sb. 

V. Systzsm Contbol 
Fig. 13 shows the control of the entire Green Power 
Imrerter. The areas (in Fig. 13) enclosed bar the hatched 
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P1«, 18. 8bwt*«n ocmtailof the ^ pc«er inve««. (^^^ mwn. owtaollcd V wScKWcmtrollar). 



lineB are iiMplemcnted in ft Stencna C167 micw^oew- 
aar and hence, the control of the Bystem to » ndxtuie 
of disKal and aodJoff controL The fdeL cell piOvidea a 
reference for the fdel cdl voltaee V„, Bad the GPI then 

GontrolB the eonent leforence In order to achieve m 
correct fuel oeU voltaee ee fte fuel oell Wtowg a diM- 
ectetistlc similar to Fig. !• Sfaice the dynamics of the 
fuel cell is "very* alow compared to the GPI c^abflSiy & 
simple and slow seaxdi alsorilihm id Implexn^yted for the 
voltage controL The voltage conftxol steps the cusrent 
reference in accordaaoe with the cnrve l&fig. 1 towards 
the deshred iud cell voltage. B should ho noted tbali 
the search algorithm does not need any hifotmattoa on 
the tetftmal ftid cdQ resistance hot onJbr information of 
Its m/adasom. cnzTeixt and the upeiatlng voltage range 
of tibe fad, cell to a:void overloading the tot oelL An 
analog PI-contxcxQer tiaen contrda the inductor cozrent 
in. accordance to the reference given hy the micro con- 
tniller thxongb an D/A-cuuvei ler. 

The inverter control consist of two control tepp a. The 
inner control loCip ahapes tho ^d current to a. wave- 
shape proportional to-the grid voltage. The oilier con- 
trol loop controla the asopBtnde of the grid current hi 
order to maSntaiA tlM aveiago of the dc»voltage equal to 
the reEarence, 

VI. EXPfifUMENTAL RESUITS 

Rg. 14 shows a picture of the tested GPI-converter. 

The 1)0-150 converter, the LOL-filter, the SMPS and 
• a]l the control hardware have been designed, conatnicted 
and placed in the aame box. The iised inverter (VSI) is 
» ooxnmmlal convispter where 831 the control have been 
r^lBoed in order to aJlow direct control of the IGBT 
switches via optical fibres. 

Pig. 15 ehows the perforxnance of the inverter control 
hi the whole power range. It is seen that the inverter 
«Khlbit8 a h)gb power factor and a low corrent THD in 
practically the whole power range. The badsground dis- 
tortion of the grid voltage was meaemred to THI>v=2*7% 
whidi also afiecta the final THD of the converter. 




Fitf. I*. PICtUM of t3« dtalffMd and ImpiMOtnted 1 kW OFI 














... ! 


Y"' "T 

Psr-i 






UVt4 

- R= 







h) 

Inverter, a) Power r«c«or Md b) 



The losses and the efflclen<gr of each part of the GPI 
system have been experimentally evalvatea and they are 
shown in Fig. 16, It era be seen that the current fed 
pufih-pnll converter 0DODC) exhibits a high efficiency m 
the whole power range but the inverter effidency drops 
significant^ hi the low power range. 

Pig. 17 shows a schematic of the unite in the lab- 
oratoy system and it can be observed that the used 
inverter hidudes an octra power ai:ipply (8MPS2). 
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200 300 400 600 600 TQO 800 QDO 1000 

16. Mttttoxcd ovkmU QPl pmtfyrw9ws9 ladudSng VSX pom 
supply, a) Pttwer laaM fa qyatem uxd h} cffidoBcy. 



Tb» designed swltdxed-moije power supply (SMPS) 
suppling tlx« DC-PC conv«rter 10 also bitended to sup* 
ply tlxft coi&ttol dicmts of the isTerter In the next gen- 
eration of trhe green power.'lsveitar. 

Rg. 18 «lxow« the efficiezi^(top curve) when the nLsa- 
lurements in Pig. 16 ere ooiza>eiiflated for the esctra 
pflvsr con$^Q3npt»oa dv» to ^e VSI interior power frap- 
pIy(SMPS2). The louver enrve is the direct measured 
ef&dccicy and the xaiddio carve ohowa the toEget effi- 
oenQT of the GPI when the design end the developsmt 
•WBs izdtiated* 

The system Is tested on frreal fuel cell. Fig. 19 shows 
A Step response of the fuel cell voltego reference. The 
top 6urve shows the fuel cell voltage and the lowo- curve 
shows the gzid current. The sesrchiz^ algorithm vsiies 
the current reference until the desired fuel cell volt&^e 
Ss reached. As eacpeoted tho fael cell voltego drops as 
the current jncreoses (see Fiz- 1)* ^ Importeot th»t 
fault situations of the GPI doea n ot damage the fat\ cell. 
Therefore a sudden stop of the GPI ww tested ss shown 
in Fig. 20. The GPI input cnrrcnt drop« suddenly to 
zero s^ad the fuel cell Yolta^e restores to the open citcuit 
voltage AO eotpected. Thus, a sudden stop of the GPI U 
headled safely hy the fuel cea system. 




Kg. 17* BAsauSsLc of the Impleauursed iBboitxoqr ^ystanu 




400 fiOO 
Po¥W[W] 



lOM 



Vigf U» Bffidcney v4u9£ioa aad astixnatdOB S» Mxt BBaamtbrn 
oFthe pceo power lBvert«r. 



VII. CONCLUSrON 

This paper has presented a new green po^ inverter 
for fixel cells. The inverter has shown to l^e reliable end 
to exhibit aUgh effldea^ in a vAda. tnput power laoge. 
The inTecter exhibits a high power iactor end a Icrw cur- 
rent TED. 

Bacperimentel results verify the expected behaviour 
of the proposed green power oonyecter. A soft steHup 
procedure of the CQxr«st &d push puE converter is de- 
veloped and vsnfled by eaq>erbnent«l results* 

The mnqplidty and the &ct that the proposed oosr- 
verter is based upon w^ known technologies (le. a co«a- 
merdsl control 10 eadst for the corxvsrter, well known in- 
verter and eontnd inverter) niA&ea the proposed con- 
verter a potential low cost eolutdon. The proposed green 
power inverter is believed to be & lohrtian for fii^ caO. 
systems as w«31 as photovoltaic cs31 ^sterns doe to its 
shnpQcity, hl^ eS;deney in awide power range and low 
cost features. 
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1^ grid Is devdop«d for osins bx a Grwi Tavmt Znv«rcttr 
APX»licatto&. The Inverter b from vn mrbitrAZT- 6^^"^ 
porwer conroB (ftsal csUy pltotovoltalc* •ni«ll wind t)irblB« 
ate) throoe^ m rocUfier Into the do-Uok- la erd^ to ni«lii- 
t«ia a plnocoldal pld euxrcne wStb low 3>«rmonf<^dl9tp«tloM 
and a hlcH pow«r foctokr, thft Itmrter la cantrollttd to em- 
lUate a ik«t|(&tlva rasIstaAco towards tha arid* The also of 
thti exMulAted resMor la determined by tlft« de-link vottaga 
cozxtrollBr, which Mas to mfthttain ft constant d»-Uiik volt- 
age. This la howvvcx xiot ponlbla, whlla tha poiMttr Into th« 
do-Hnk IB eonotant and tha power ont of tha de-liafc la a >e&- 
ond powered liniaoidal^th an amptttuda of two timai tha 
ovvraea pow«r, Sbr th9i« f^^A a ai9»«3l dppfo If ^rCftOiXt. 
In ordar to lower tha tronsznittad high freqaancy currant 
rippl«B dua to tha oparation of tha invcrtar, a IfCL filtar li 
inserted betw«e<)i the grid and tha Inverter* Xt fia ahawn that 
tho X>CXr filter may ba raiEBKiad as an fndnctor fbr firaqiian- 
clas ■Ucfatly below tha filten rawmant fraqnencyi hanea the 
control of tha filter becomes aaay. On tha other nda^ the 
a-plene poles fbr the filter, «v«tn with paim»Itlc leslttaBcesi 
lio clote to the bordor of tha unlt-drcla. Adding a ra3lt«anct 
fn paralleX with the outar Indoefeor in tlie X»OL filteir ahows 
to Improvo tha itahllity on tha ooat of a Ixttla h^hsr hiM. A 
1 kW Oreen JPowar Inverter wbb deelBned and Implemanted 
In the laboratory. The result shoivs fOiafe tha LGL fittar b 
etabla when the dampfaip-re*tetor Is added. The total hop* 
moAlc currant distortion waa maaaurad boiXow 4«0 tiha powar 
Burtor is better tbau. 0|99 fbv an input povrar abova 300 W« 

I. iMTRODnOTION 

GKEBN POWER -dlso knonm as zcnmcLble pow«r, T>»- 
comea uune ud more viable w)iefi aecSsins nftw 6^ 
lutiaaa for the wodds stiU iacr^adini^ power deniMid Tbib 
major contEibiiliSoa frcnai the green power aouxces todagr is 
the 1aydrox>ower» which contril&vt«« with qbo fiflih of the 
worlds total power Kvnero^on [1], Another ifreet pla^ 
among these Bovrees Bxe the wind tuibineB. In Burope 
alone .there k aa accaninlsted faistalled pcswer of 13 000 
MW [2], which S8 capable of delivering power to 7 million 
citieens. Other typee of green power sources ere the pho- 
tovoltaic cell [3], i£he fdel cell end ^ searwsve sooreea. On 
the other hsnd» the fuel cell mxsr not be e direct Bomce to 
green power beeanse it need foel e.|r» l^^gen, methazie 
or other hS^-Ievel hydrogiesii-^arbon compounds. The fuel** 
cell system cov3d m^tead be used as an energsr-bvOsr when 
the generation from the other green power eovrces does not 

fife tha actual power damanda. 

This paper addresses sozne aspects of controlling & gdd* 
connected gxeen power Snvertex, such as designing the con- 
trol strate^es for the LCL filter and inverter [4], [5), [6]. 

The topology for a Gxeea Power Inverter is presented 
in aection XL, The topology indttdee a fall-brtdge toverter 
together with » LCL filter towerde to utsuty^grid. Section 



ni deale ^srith the contzol of tha system. The eontcol loops 
includes a oosferoQer for the gcid curreot and the do-linfc 
-roltage. It becomes in this -wey poetiible to attach more 
that one power source to the same inverter-sta^e. Some 
69^e]cizneutal results ere presented in section IV end acofr- 
chudon is given in V. 



n. Topology 

The ^stem is made up aroimd an inverter and the LGI« 
filter, see Figure 1. 




aw 



Fifi. 1. Zdna filtw eonflpxraBon tofiKthsr with lavectBr and grid. 



The LCL filter has the fbHowing components; 



C9 



(2) 
(3) 



And the component -nJuee &[« lieted in T&ble 1| cf- 
[49- la tbs general case all pasrive dements are tieated 
as impedances. 



^ = 
Tt = 



(4) 
(6) 

(«) 
(7) 



After some raaaipulation of equaitSoas (4) to CO tiie &ilr' 
lowing transfer fonetleni aj^eaia 
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ZoiZi + Zg) + Z{Za 
Vi(«) " 2b(^i + + ZiZg 



C8) 
(9) 
(10) 

(11) 



Thsat are the four traaofer fo&ctions fioldag the t«o filter 
tominal voltagjes (gtid voltskge and ioveitex wltaBo) to the 
eomspo&ding mdaetor CTZErents. Fox the puxpose of control 
tba tisttsfin: functions of interest «ze and Hi-»i(«). 

P^^ore 2 shows the amplitude responses when psnu^c 
condacUng resistance is hududed. Fignre 2.b ahowE a com- ' 
paxison between ead& of the amplitude ledponeee with and 
without paraeltio conducting resistance. Damping of the 
filter can be utilized in order to improve the stability of 
the oairenli loop. This will be treated in the next section. 
Fater transfer functions are derived when passive damping 
of the outer inductor is introduced. The danEptns is in- 
troduced by adding a xesistor in parallel with the inductor 
towards the gdd. 



X/U3LBI 

LXNEFBjISItPAltAMBnEBS. Ac AND A, ABfi DO-VaLubS. 
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inductor-redstor cdoivBlent is an ade^te appwDdmation 
of the Inverter vblta^ to inverter current but in order to 
desoibe/ana^yBe Stability the lA drcait Is not adequate 
near the lesonaxioe fieqoency of the LCL filter. 

XU- flfySTBM CONTROL 

The aim of the luveiter control is to load the DC-Unk 
capacitor in order to maintain the do-component of the linlc 
voltage at the desired value Vdc.rc/. The currenfc impressed 
into tbe utili^ ©rtd must comp^ with EMC regulations. 
In addition, tbe iftvetter must be fast enough to protect 
the de-Bnk and the aemiconduetoxe firom over vohegee due 
to power procosing from the powex source* 

Beaidee the Iiarmoi^e content of the line currenti two per- 
fonnance indexes are used: ^STiTi?/ and PF. With perfect 
resistor emulation and with a badcgtound distorted line 
' voltage, the line current %TSDj will be the same as the 
line voltage distortion %Tl^Vv- The power factor will be 
un5^ for perfect teaSstor emulation and reg&rdleaa of bedc- 
ground distortioflu 

A. Gnd-^hurent Control 

There exist aeveral methods/strateg^ea to control tiie 
grid-connected iixverter. In order to fulfil the low harmonic 
regulation IBQ 61000-3-2, tlie innverter is controlled to em- 
ulate a relator Hence, the grid current waveform must 
be a scalar of the volta^ waveform: » Vg/io* Fignro3 
shows the control principle of tbe grid-current and do-Hnk 
voltage. 



II I>t [mHl 


A (mni 1 La m\ i JRo [mO] 


0[fPl II 


II « 


400 1 8S0 1 180 


a.2 H 





F^fi. 3. Amplitude rssponn of LCL filcer. a) Compaiison cxf th« 
dSSema trtosfer fiuxctloiii. It ia Mm tliAt th^ LOL filter has a 
Hingis) fie«qvency r««poii«o (The Invttxtec vcltMgt to fl^d ear- 
rent) eqaai to th6 LR filter for CreqixcactH ilifi^itltr hclow 
xesonut fctqiiBnesr. b) OooQpiciMa hfetween th« td«»i cwoi with- 
out sertra o m dne t lon rtitstme and tbt noa-ldsal cist taduiSng 

l^anafer iVjnctlons have been derived for the LOL fil- 
ter for the purpose of current control A comparison be- 
tween these third order fianotions and a inductive oqulve^ 
lent shows that below the resonanca frequamgr the single 



Ffg.8- Cmtttl^Um^ vii^mhtlhQ^mBtKsUa* 

The inner current loop shapes the line current to a shape 
similar to the line voltage* The outer loop controle the de- 
link voltage. Hence, the inverter emulates a resistance by 
means of two cascaded loops. The grid and the inductor 
current are not dnusoidal because the do-link voltage con- 
trol loop totorts the current reference, wbidi the current 
controller follows (of. the multiplier in Figure 3). For that 
reason, the sampling time of the dc-link voltage controller 
should be equal to 20 ms. The do-current h^ection to the 
grid is in this wAy reduced to <i minimum. 

Figure 4 shows the blodc diagram of the current control 
loop. The input re&rence Is the Inverse of the emulated 
resistaoco R^iz). The emulated conductance 
R^^ir) is multiplied with the grid voltage in order to form 
the currant reference. The voltage generated by the in- 
verter Vi{9) to the system Bi^i(s) is the sum of the current 
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oontroner D[z) and the feed-forward of the gdd vottsga 
Vg(zy Ksure 2.a reveals that a* freq:aeACies well bdow the 
filter resonance frequenoy then Ifli^* « W-^U^)] 
whidi 18 also true for the phose margin* Thaa, & fcod- 
foTw^rd of the grid TOlta«e caacele the Influence flrom the 
gridToItaeoCatlow&eqaeiideB). But itisaJsoobvloasthat 
the leedrfbn^d loop has less attennatioii at lu^er fre- 
quencies ond is thus not ixmntme towards hl^ fiequen^r 
noise. Therefore a. low-pass fflterlog cf the feed-forward 
loop should be used in order to awoW noSae problems. 

Design of the cazxeiit contsoHer will be done based on 
both the third order LOL transit function and on the adm- 
ple LR model 




pvs 



Lt0i-Ri Ris + Ri/L, 



—i 



(18) 
(16) 



wben a « ea^C-Bt/i^T.)- th» PI oontroDer traiwSer 
fdnetloala ^veoi bbi 



(17) 



TbB opea loop giid cmxsnt tnnofisr tanctkn including 
delay: 



(18) 



-Fi0. 4« CoBtrol block diftcram for the CTXTent Ioop« 

In order to obtain a high PF and e low %THDi the 
Correflt controEer must be able to trade not only the f\XQr 
damental grid feeqnency at 50 Tfz but also the distortion 
compoiuentB. The switching frequency and the ssmpUng 
fre(piancy ia 10 IcIIz. In order to handle background dis- 
tortion the settling thne of the cmxent controller is set to 
X s 10 aamplee witch yields 1 ms. Setting the damping 
ra;tio to C «• f» 0, 7Q7 provides optimal step response 
in tenns of settling time and over slioot. Hence the desired 
placement of the dominating poles b 

«i,a = C^„±JwnV^r^w4440(-ldbi) (13) 
ea^W^M) -« 0.579 =fcip,27« (14) 

Hence, a naCural ficeqaeney at » 2v/{XT^) » 6283 
rad/s ia obtained. 

Ideally, the ourrent ccmtroOer most be aUe to follow a 
^e wave aa reference. If it is regarded aa a racoip reference 
tignal then system must be at least a ^e 2 in order to have 
zero steady state enror. A type 1 system will httve & finite 
error. Since the filter is a type 0 system, two additionsl 
integratoR moat be added wUch in tmns of Staibili^ ia 
vsxy difficult to handle. While the settling time is much 
lower than then grid perlode the system caa be treated as 
operating in q[oasi steady state with step Inputs. A type 
1 ^yetem have zero steady state eczor towards step input 
refezence slgnalSi therefbrei 

• PI controller is selected as current controller, 

■ The FX current eontroTler ^ have a finite steady etete 
eiror which decreaaea as the proportional gain increases. 

• BongUyi the hategratSonal part determines the phase 
shift between the grid voltage and current, and the propor- 
tional ^in determines the reference signal tracking s3>ility. 

The discrete trwisfSBr function of the XfS-h impedemce 

is 



Plguze 5.ft shows the infiuenoe on the root locus when 
the integration time Ti varies. In order to liave a locus 
passing the desired pole placements an integcation time 
Ti » BTj have been (2u»en. Plgore 6.b shnwe the root 
locus feor T« « 8Tt. 

At a proportional gain at K'p = 14 the poles and zeros 
of the closed loop ifi listed in TWble 2. P^gure 6.& shows 
the step response of the cnrrent control system (bine) and 
the desired step response (red). The dynamics are a bit 
different to the specified petfonnsnce due the extra pole 
added from the nnlt delay. The real pole and the real zero 
can be compensated in order to make the dynamics match 
the specifications: 



SVSlElff POLES AMD 



TABUS n 
zsahos ovme 



OOKRENT OCNTaOL LOOP. 



Zeros 



55555 

0.g784 ±^.2888 



0.8889 



14 




Flff. 5. SLoot locuf of cuxtea^ l09P indudinf d^Uy. ft.) 
mtosraiton tSmw nd b) root loou *i 3) « 87*. 



Diffexvnl 



(Id) 
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Figure C.b shows th& step response with conxpensatlon 
tut also the effect of not coxnpensotirtg correctly. Thus in 
order to ntlBze compensatioiL xt id required to match the 
Bjysbem poles and aens exactlbr* 



K 




a) 




FSff. S* Siap respPBie of enzBmt loop, a) with ukd wttlioitt compett* 
satloa asd b)xobiistnBn of the ooznpensation acciaraqy. 

Analysing stabHily of the current loop with the third 
order LCL model it is necessazy to incEudo damping or acme 
eqtxiTalent manipulation of the open loop poles at uzdiy 
proportional gain. Here passive damping with a resistor in 
parallel with the grid-oonnected inductor b used. 

Figure 7.a showd open loop poles and zeros without 
(black) damping and the ^stem poles (red} and zeros 
(bine) with difierent damping values. Of course as the 
damping xeei&tor increases the poles and zeros moves to- 
wards the us^damped positions. It can be observed that 
the open loop poles witliout damping ate placed very dose 
to the border of etabQi^. XJeang Figure 7.& alone it wo\?ld 
be reasonable to choose the damping resistor as low as 
possible. But since the power dissipation In the damping 
resistor Incieaaes and filter attenuation decraaaee, as the 
resistor value decreases thore esdst a. trade off between stap 
bUj^y efficiency and filter attenuation- A damping resistor 
at 38 n haa been cfaoeen and win be used throughout 
tms paper. 

B. de-&njb voUage controller 

Varying the amplitude of the grid cxnrent i^t controls tlie 
do-link voltage. The do-Hnlc voltage must be m^talned on 
a level above the peaJc of the line corrent in order to be able 
to maintain controlability of the inserter. The dynamics 
of the current loop will be neglected during design of the 
voltage controller since the cmrent loop bandwidth is app. 
250 times higher than the outer voltage loop bandwidth. 

The trade oE gives a very slow do-hnk control and a 
sampling time equal to l/fgri4- Setting again the damping 
ratio to C = 1/v^ fd 0»707 and taldng the slow dynamic 
operational requirements into account the bandwidth of the 
voltage controller can be chosen very low around f^oc 
2... 6 Hz. Letting the oettUng time to 2500 samples and Wy^ 
» 25 rad/s (4 His) together with (Id) and (14) yields tha 
desired pole placement of the voltage control loop: ji,a » 
0, 9982 ±iO, 0018 

Figure 1 shoiTO & diagram of how the do-link intercon- 
nects the DO-DC converter and the DC-AC inverter. 

For perfect resistor emulation and with 8fm»$(^dal gdd 
voltage the power balance gives: 



2 < Vdk: 



PVS 



(20) 



^nms in steady state there is a simple xelaUon between 
the dc cnnti^ and grid cmxeDt. A PI controller i$ se- 
lected in order to aduevie a do voltage error at zm and to 
have a more smooth dc current reference less sensitive to 
noise. Ilgare 8.a shows the block diagram of the de-link 
control of the dzcoit fai Figure 1 where the rectified current 
is treated as a dxatuxbance since tbia parameter is not mear 
suied. Making a linear approsdmsdon around an operating 
pohst of rectified current ghres the block diagram in ^gure 
8.b where the resiatance IZree Vba/Tnc* 




Fie* 5. £qaiva2Bot dreult fbae de-tlok eonttoL 

At full bad the toput power fs 1 kW and the 
dc vbltage is 378 V whidi gives the minimmn 
resistance(375 V)^/l kW ~ 141 tL The transfer aTstem 
tranafer fdxLctSon for the voltage control loop then becomes: 



ll«r« 



(21) 



Z^EiM^^^(^-fi) (22) 

where & « exp(-r./jRr«oC). The PI controller is a^ven 
in (18). The open loop do-lixik voltage traoafer function 
including delay: 

H^WX){.)i-ir^(i-/^-^+5^^ (23) 

Figure 9 shows the infiuence in the root bcus hy vary- 
ing ^ integration time. At a proportional gain at =: 
0.0186 the poles and zeros of the cloaed loop are ll$ted in 
Table 3. Figure 10.a shows step the response of l^e ex- 
isting control system (blue) and the desired step response 
(red). The dynam^ca are a bit different to the ^ecified 
per£armance due the extra pole added from the unit delay. 
Again, the real pole and the real zero can be compensate 
in order to make the dynamics match the specificationa. 

IV. EXPERIMENTAL RESULTS 

This section evaluates tlie poxfbrmimoe of the firat Green 
Power Inverter prototype. The grid-connected iirverter Is 
made up around a foil-bridge inverter^ in this case a mod- 
ified Danfoss VLT 5001 frequency convcrtex and the LOL 
filter, see also Figture 1. The VLT 5001 is modified in order 
to get direct access to the dc-link and aIPC-VLT500 Inters 
&ee and Protection Card [4] is included in order to protect 
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b) 

FSff* 7. Effscta CB opoB loop pelM wlxen p»«llvo »4dln8 dftmplnip. a) J>ifferaat dimpbiE rasiBton. b) Kd « 3B (1 and c) root locus 'with and 
•widioufe '^ft^iwptwg le^stor (38 n). 




Hff. 9- Ro« tooM of TOlt«B« toop todudiiiff ddij. k) Diffcrcat iafc^lion limes, b) » soomed view an4 c) a. uomed view neftr the dtflvod 
poUr 



TAm&m shows tbe grid perfbnnBaee of the GPIto terras of pomsr 

SVSTBIC VOLES AND ZBBOS OF TBB VOmOS OHrfROI^ t<lOP. &ctOr Blld %THDi> 



1 Polca 


Zeros 






1 0^82 d=j0.00l8 




0.D166 


400 





Piff. la a) Step CT^ oMwt of doBlenfid vbUse^ loop and b) ioeludiA^ 



and coiitrol tho frftqueiLoy convorter. Figure 11 shows the 
grid current and grid voltage ftt 600 W and 1000 W reepec^ 
thnely. This figure Ukistr&tea the resistor emulation ee the 
grid cuxrent and voltage is In phase and the w«cve shapes 
are alike. There are spme liiEh &eii'aeDC7 oscills^ope ihe 
grid current at tho ewitcijiuff frequency. These osdHatioas 
are due to noise in the feedback In the prototype. Fi^nre 12 



a) b) 
FlC.ll. GridcaxzeDlat9)eOOW«iDdb)lOOOW. 



V. CONCLUSION 

This paper presented some aapects of controlltns the 
Gxeen Power Inverter inter&Ce towerda the grid. In can 
be oonclnded that the LCL filter la & good choice for low- 
ering the hemonicfl to the grid. However} the poles (or 
the undamped LCL filter lias close to the border of the 
UTjity c\rc1e and sometblTig wngfc be done in order to fa- 
cie8«e stahlllty. The stability may be increeaed by ad^og 
a resistance in paraUd with the inductor towards the grid. 
Keact was the grid-current loop lisvestigated and designed 
in z-ploao for the proposed LOL filter, Tl&e ii ah erff n t unit 
delay &om the sdcro pxoceasor was dealt with, by adding a 
proper copmpensaticm. The deigned oonbroUers fiQo«ed 
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FSff. 12. Povef fiusot Mid totel hannoolc distortloD la tha grid 
caczsnt. Tba ba;d(smQd 9iiTSX>v ttu musuk^d to bo lbs 
minSmuB %TI£Di is also , 



the ^ven spedficatipn^. In order to control tlie doBsk 
voltage, & PT costroU^ included In the de^^i. The 
output firom the PI cczztroller is multiplied with the grid^ 
^tage, in order to cenerate the current reference for the 
Inner-loop. The inverter operates in thia way like & resds- 
tei^ce toward the grid axxd W a %THDi and a lugh PF 
should be reachable. 

Root locus analysis reveals that the designed controllers 
are robust in meauB of stability and accciiacy. Measure* 
ments In the laboratory reveals that the designed dud imr* 
plemented controllers reacts as specified. A total luzmonic 
current distortion of 8^8 % is obtained when a background 
volta^ distortion of 3,0 % Is present. The power &ctor is 
better the Ofi& for power levels above 800 W. 
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Figure 1.15; CSVS-Puah pvU converter. 
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Voltago IV] 


Curront [A] 
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60 


63.6 


1,12 


0.1423 


0.7858 


300 


47 




0.1253 


0.812 


600 


30 


20 


0.0800 


0.88 


1150 


25 


40 


0.0807 


0.90 



Tkble 1-7: Characteristic values for the CF-Pusb-PvU GPIJn the four spec*- 
£ed operating pointa, Dmiat — 0.9 and n^n 1-^- 

The Current-Fed Push Full DO-DG converter (SIC) 

Shown in Fig. 1.15, the current fed pvsh-puO cl^4c converter is a isolated boost converter. 
The steady state transfer fdnctions are: 



and 



ipc 



1 



(1.16) 



Advantages: 

• IBgh efBLciency. 

• Wen known tedinolo^. 

• Bidirectional ma^etisation of the transformer. 
m Low tranKfonner ratio. 

• Low npple in input current* 
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Figure 1.16: Pu$& puQ converter at J? « 0.45« ilt 234Q 



Feature 


Value 


Unit 






A 


V* - 


9.S0 


A 




1.48 


A 




0.78 


A 






A 




2.14 


A 



Tbble 1.8: Characteristic values for the CF-Pmh-PuU GPIat BWfW. Dmaa — 
0.44 and n 7- 

Drawbacks: 

• High output voltage lipple. 

9 High vbttage across the main svdtchea • twice the output Yoltage reSerred to the 
primeay. 
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Figure 1.17: Dr&Pufifi paJj converter. 





Pignre 1.18: DIG convarter at D = 0-25, » 234n 

The Dual Inductor Voltage Source Push Pull based converter (DIC) 
Shown in Fig. I.i7. 

Ooinpared with the SIC amwrter the Die has the fe^ 

• Low total inductor voltune. 
■ Iffng Input cinrent ripp K 



1.4.3 Dual fuU bridge converters 

S?,!^*^ ^.''^ 1° "^"^Jg^^o^ of the losses and ratings to the three dual full 

T ^ »°P«^«i« a« baaed on three 

different methods: the Voltage Source Converter, the CH™t Source Converter and^ 
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Figure 1.19: i^yat&a ovarvfdw. 




Figure 1.20: lid T*ft«gB 5otiree-VoIt«ee Smaee Ibpotogjf 
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Active Clamped Cuwut Source Converter. The fundamental operation of the dual m 
teidge topology b » glron, vith refer to Fig 1.19: The wltage delivered hy tlw f\iel CeH 
la Inverted to a high freqaency voltage to the first DO/AC inverter. This 'voltage Is feed 
Ittto the high frcquenor traasfonner. The transfonncr aeoondary turns Is connected to a 
rectffier a filter, and theielqr b the DC/DC converter achieved. The voltage delivered 
by tfie DC/DC converter is fed into the DC/AC inverter, whose mains taak is to generate 
a sinustodal grid current. 

The DC/DC converter is controlled In such a wayi that the cunent delivered hy the FC 
weonstaot at the desired valua This may cause the voltage of the dC-Bnk between the 
xectifica- aud DC/AC inverter to rise beyond acertain Ihnit. Therefore, the DC/AC inverter 
IS controlled to lower the do-link voltage, meanwhile it also generates the gild current. -HiiB 
means that the reference for the peak grid current is dictated hy the m«dmum d(>-Bnk 
voltage. ... 

The ^vantages of these two stages invertere are that the energy storage capacitate may- 
be reduced in size, when compared with the sin^e step topologies. It also be easier 
to obtain a controller for these hkverters. because they are decoupled by the energy stor- 
age. Moreover, they all utilize a HF transformer, which is mudi smaller Chen a 50 17^ 
transformer, for the gahraidc isolation and stepping up the FC vrftage. 
The largest disadvantage is the effidenqy. which is believed to fell, because of the extra 
power devises. 



1.4.4 Voltage Source - Voltage Source 

The Voltage Source - Voltage Source converter Is depicted in Fig. 1.20, and the key wave- 
forms in Fig. 1.21. The converter Is based en a proven tedinology, and may therefore be 
more reliable then the solution presented in the following section. The two maj'oz dleadvan- 
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Figure 1,21: VSVS Converter waveforow. 



fcages are thaa the converter is based on the prindplo of buck operation, which xneans tkat 
it IB not pos^le to step up the voltage without the transformer. Hence, the ttim ratio is 
stated in the light of the xnizunxizm FO voltege rad the corresponding duty cycle. This may 
cause the transient voltage on the secondary side of the transformer to raise b^nd 1 kV 
when the converter is operated at its nonnnd ptint. The other disadvantasea, is that the 
diodea in the rectifier is forced to conmiutate by a voltage, wldch iterates rev^e recovery 
currents. 

]Mode of Operation 

[to ^ ti] ISransistors Qxh and Q2L, are on> causing the tiansfoiroer current to be nega/» 
tive. The i^Ued, negative, voltage on the pximaxy aide is reflected to the secondary 
aide, with a gdn of n, which is the turns ratio. The voltage diff^enco between the 
transformer and the doliuk capacitor Cdo causes an increase in the inductor current, 
xnduct<^ Lj^a$ which fSeeds the load. The current ripple is* bypassed by the dc-link ca- 
pacitor, and tiie dc/ac inverter is therefore not exposed to any HF cuzr^, originated 
from the de/dc converter. 

[ti — » ^2] Itansistors Qu, snd Qth are on, and the transformer is now forward biased* 



The steady state voltage transfer function is ^vien by 
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Figure 1.22: T3te Current Source-ValtagB Scwo Tbpology. 



wheto U is the duty cydc, see Stg. 1.21 ftw the defiiution of and n is tlie txansfonnfir 
turzia ratio. 

1.4.6 Current Source - Voltage Source 

The Cunent Source - Voltage Source conTOter is depicted in Fig. 1.22, and the key wave- 
fbnns in Fig. 1.23. The converter is baaed on a proven technology, hut is it seldom used iu 
the low power region. The major advantages are than the converter is based on the prin- 
dple of Qyback operation, vhidk means that it is possible to step up the voltage without 
the transformer. The other advantages, is that the diodes in the rectifier is commutate by 
a current, and no reveree recovery currents are therefore generated As far as we can seen 
at this point of view, the Only disadvantages associated with this converterj is the inherent 
presence of voltage spikes across the switches. These spikes originates from the transformer 
current and leakage Inductance. In practice, the leakage inductance may be made small by 
making a proper transforma design, but not small enough in order to omit a passive and 
lossy snubber. The passive snubber mny reduce the overall efficiency, and should therefore 
be avoided. 

'Mode of Operation 

[to -t ii] All four switches is closed, causing the inductor current ilfo ^ linear, by 
means of the cell voltage. The inductor current is given in Bq. (1.19). The ceD voltage 
is clamped by the input capacitor Cfc> so only a little amount of ripple is present. 
The output is supplied by the stored energy in Coo 

Ih taj The translstow Qll and Qa^t turns off at time ti. The current stored in the 
input inductor is then forced throu^ the transformer, and the inductor is discharged 
1^ means of the cell voltage and the reflected dc-link voltage, given by Eq. (1.20). 
The transEfiDtmer cuzrent ia, is negative, and feeds the output capacitor Cdo through 
the rectifier. 

[*2 is] Transistors and ©ajr turns on again at thme fe, and the input inductor is 
charged again. 
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Figure 1.23: CSV^-Cbumter Travefonzia 



[fe Q,^ and Qax, tmti$ off, tod the transfonner current la now posttive. 
The steady state voltage transfer function l3 given by 



n 



(1.18) 



where £) i$ the duty cyde, see Fig. (1.22) for the definition of D, and n la the trensfomer 
turns ratio. The current through the input inductor is givm by Eq.ffie (1.19) and 
(1.20) for diarglng and discharging respectively. 



(1.19) 



(1,20) 



^. ^ (nVro-Vpc)-(l-I?)-r^ 

For stewfy state operation, Bq-ees (1.19) and (1.20) are equal to each other, ciccept of 
their sign. Eq. 1.18 may eaflily be obtained by summing (1.19) and (1.20) and letting the 
resulting equation be equal to zero. The input volta^ ripple is determined by the size of 
the input capacitor Cm and the amount of ripple in the inductor current together with the 
switdiing frequency. 



(1.21) 
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Figure 1.24: The Active (SampedCumntSovm' Voltage 



Ratings 

The voltage spflce across the switdies may be detenniaed in terms of thdr output capacir 
tances and the leakage inductance. The $pike amplitude may be decomposed into two 
terms, one firom the reflecdng do-link voltage, and the other from the lealcage. The current 
delivered by the leakage Inductance la poorly damped, and reaches a peak value of 2 times 
the FG inductor cuxrent. The peak voltage ie then given hy 

The ttoB switch cuxrent is ^ven hy 

(1-23) 

for the leakstge misalng circuit, and appxGodmated &r the leakage included topology. The 
peak cuizeot id g^ven above to approximate 

/,-2ri^ (1-24) 

Tn order to reduce the turn-off voltage spikes over the switches, it is necessaiy to reduce 
the transformer leakage inductance. If this not is possible, a snubber dxcoit must be added 
in parallel with the dc-link. A passive los^y anubber may be added, which will reduce the 
overall efi&denc^. lostcad, one should use an active clamp arcuit. as the otie presented in 
the next section. 



1,4,6 Active Clamped Current Source - Voltage Source 

The Active Clamped Current Source - Voltage Source converter is depicted in Fig. 1.24, and 
the key Yrayeforms in Fig- 1-25. The converter is based on a not so proven technology, and 
may therefore be less reliable then the solution presented in the previous sections. However, 
the added dicuits seems not to be very complex, end H is therefore ours opinion, tbai the 
active damp may be a good compromise between complexity, reliabili^ and eSi^ency. The 
advantage for this topology id that the pasdSve enubber is replaced with an active one, which 
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% % T 

Figure l*25t Active Clamp C3S-V5 Cbaverter waveftoznff. 



Ificreasea the ovcraU eOideiicgr. when compared with the C5S-VS converter. The active clamp 
is swltduDff on during zero current, and therefore only turn off losses msy appear together 
with the forward voltaic drop of the switdi. 

Mode of Operation 
[to — ► ti] As in the CS-VS converter. 

[ti — ^ fel When transistor Qi^ and QsLff turns off, the leakage current ia discharged hito 
the clamp capacitor Cp through the internal body diode of the damp switch Qc- This 
causes the voltage across the switdttes to raise dowly. The damp switch Qo is then 
turned on before the damp craieut becomes negative, and zero current switching ia 
in this way adaeved. The capacitor current la now negative, causing the voltage to 
drop toward the reflected voltage from the dc-Iink. 

[h fa] As in the CS-VS converter. 

te ^ ti] QiM and Q2L turns off. 



The ripple current m Lra and the ripple voltage across Cm la equal to the ones given f<» 
the CS-VS converter. 
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ratings 

The voltage spike acxoss the swHcfaes is now gtven by 



/ TIT 



for Co > C^. Tbe nns switdi ouirent is dightly tessetr than 

The peak current is glveoi to 
Jj^re £ A S ^Xi^c 



(1,25) 



(1.26) 



(1-27) 



Tlie ^vea esqpressions 1.26 and 1.27 are now veiy isedae. However, ihe transistor supposed 
to be used in tihis application hsve cuzrexjit zatings in the area 82 A to 200 A Q 25'* O. 
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1.4-7 Results 

The CS-VS converter, with and without the active clomp, 1$ 
specifications given below: 



deigned aocording to the 



Parameter 


Velve 


Vpa 


350 V 




WV 




30V 




5V 




56 V 




SV 




20 A 




15 % iLrc 


La, 


0.3 nH 


Is 


20 kHz 



The mln3xiramtur»5 ratio i3 then ^ven as 71 » Vuf^t/^seconddrv 7, This yields a no«iinal 
duty cyde of 0,4, according to (1«18). For a maximum current ripple, of 3 A» i& the input 
inductor together with the specifications in table 1.4,7 and (1.19), an inductor of 0.1 mH is 
reached. The input capacitor is designed by (1.21) to 1.9 ;iF. At last, the clamp cspadtor 
is evaluated through (1.25) to 5.5 fiF, 

The foUowing results is obtained V & simulation in PSIM. Td^an) ^ 4.5 mfl for and 
30 mSl for Qe- 
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AciiivB dsioped 


<Vpa> 


30.3 V 


30.1 V 




2-8V 


2.8 V 




355 V 


54.8 V 




348V 


348 




13.2 A 


14.2 A 






9.4 A 


<Ii„a> 


19.8 A 


19.9 A 




3.1 A 


3.1 A 


Itrafo 


16.0 A 


18.1 A 


Pin 


598,1 W 


598.8W 




594.0 W 


592.1W 


V 


99.3 


98.9 



The three parameter with the largest deviation are the peak voltage across the switches, 
their currexxt end the trajasfonner cunent. The voltage spike across the switdiss is reduced 
from 366 V to 55 V, which is cansidered as being good- However, the nns current tlsrough 
the switches is raised wHh 1 A from 13.2 A to 14.2 A. That is because the transformer 
leaka^ inductCLnce and the clamp capacitor JEorms a resonant tank, with a natural frequency 
TRTCS ^23.9 kHz (dmnlated to 125 kHz). This is also the reason why the ttansfbrmer 
current ia largo: for the active dmnpcd varaion. 



1.5 Conclusion and selection of converter topology 

Based on estimated losses in magnetics (conduction and Iron), switches (conducting and 
switcWng) and diodes (condudang), the Current Fed Push PuH w/ FuH Bridge Recfcifier 
Converter seems to be the most promising topdogy for the dc/dc converter. Hie advantages 
for this converter are: 

• Smooth input current 

• Only two switches, also ea^ gate driver topology because both gates are referred to 
the soma groundt 

• Small ratio between Npzi and Nsec 

• Possibility of adding more converters in parallel, without changmg anything in the 
set-up or oontrollezs 

For the grid connected dc/ac inverler, the oxdinaxy Rail Bridge Inverter ia chosen In the 
light of its advantages: 

• No need for a transformeri like the push pulL 



36 



23/09 '02 18:44 FAX 74882003 




DANFOSS PATENT DPT. 



pa: 




IREKTORAT 121037 



Modtaget 
23 JUNI 2092 



32 



Chapter 1. Analysis of Power Gonvertor Ibpologles 



PVS 



• Ix3nv^ do-Hnk voltage compafed Mntih the half 1^ 

• Pzesu3iuJ>ly bng^ life tune compared wit^ 
split do-Bxik capacitots. 

In order to speed up the derveloping time, H have been chosen to use & modified Dimfbss 
VXjT 5001 firequenqy converter for the grid connected inverter. 
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Chapter 2 

Design of the Current-Fed Push-Pull 
Converter 



THE MAIN task la to design the oonveiter with & inixnnnun raiotrnt of loss end a mSn- 
ijtoum amount materials. These two opposite goals means that there w a trade off 
between the amount of wed material and the obtained cffldency. This chapter describes 
the design which has been carried out for the selected current fed push pull converter. The 
passive elements ore designed and a simulation model which includes losses Is designed in 
order to analyse the converter load characteristic. The essential dlements to be deigned are: 

Inductor: The input Inductor of the cuzrent fed PP converter. 
Sigh-frequency Transfbrmer: The push pull transformer. 
Capacitors: Input capacitors to filter the induetor current. 

SMP5: Hie internal switch mode power supply which delivers power to the control circuits. 
Line filter: Tbe grid connected LCL jSItcr. 

Designing the converter will be restricted by the following two lSTnyt?t.f^>ny 

• Thermally; the converter win be designed to the nominal power level operathig point: 

• Electrically, the converter must be able to handle the peak power without bringfng the 
transfonner or the inductor hzto heavy saturation: V, tjpc'^ A, Pi>o=1150 



Thble 2-1 shows characteristic values for the GPI at the four specified operathig points. 
The design equations regarding magnetic design are listed in App. A, 



W. 
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R[n] 










60 


2344.0 


53.6 


6.996 


0.2139 


0.6069 


300 


468.8 


47.0 


7.979 


0.3107 


0.6554 


600 


234.4 


30.0 


12.600 


0.6600 


0.7800 


1150 


122.3 


25.0 


15.000 


0.6333 


0.8167 



Table 2.1: Charactexistic v^luts at tbe^or operating points. Vac ^ 

2,1 Circuit waveforms 

Fig. 2.1 shows sdiemBtic wveforms of the current fed pu$h pull converter and fig. 2.2 
shows simulated foansfonner voltages end cnnente at 600W with a transfoxmer ralao at 
5.5. Definition of time instances ti and tg: 



2.2 Electrical relations 

This section provided the electrical retofcions used in the design. 
Hie steady state transfer function ia 



(2.1) 
(2.2) 



Vbo 1 ft 

-nhcre ihe traiufonner ratio ia ^ven "by 

and D -I- <3 » 1. 



(2.3) 



(2.4) 



TtDL 



r,(i?,-5) 



2X7«-1 



or 



r,=2ri 



(2.5) 
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9l 
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'1 

'1 
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0 r. 



Figure 2.1: \^ve/bnz]5 of die current fed pii$ii pu/J converter. 
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ODDW 
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1 1 

I 1 
1 1 




' 1 
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- • ,L. 

























00 5U») 




600W 



"T r 



SS.0 
20.0' 




PKZPK! 2.Ta»l 



l(IJ2} 



3 



11.0 





RMS: 2.9534 




IJ6 



<W9r 0.04S71 0.O4572 0.O4573 0.D4574 0.04S75 OlMSTO 



Figure 2.2r Ttsnaformer voltagea and cnr/eute at 600W. nir,/o = 5.5. 
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Thus 

TWn = 18(1 -Di) (2.6) 

= 30(1 -i?,) (2.7) 

ip, - ^ n^^-il-D,) (2.8) 

= ^"r^ ^ n-2.^.(l-A) (2.9) 

?5rtm - % (2.10) 

- 2.5jirt„ = 2'^^ (2.11) 
Time deacilpUon of lihe indoctor cmeot (cf. fig. 2.1): 

2.2.1 RMS and average values 

This section describes tbe xms-Yahies of difEer^t currents in the drcuit , cf. fig. 2.1. 
The mductor current: 

t : 0 H-t tj 
t : ti i~» ta 

The square of the inductor current: 
t : O ^ ti 



t : ti »-+ ta 



'1 - 

= ^^^'.(i»-2<,« + t|)+'^^.(*-t0 + ?^ (2.13) 
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Integratitm of Hie sqiiarc of the snductcn: cuximt 

0 0 *1 *1 

= r(^ + Al.lt+^lfx (2.14) 

t : ti i-t ta 

ti ti — ^2 *i *a 



+ ^^T^^ • r*l^+^^(t^_^)1 +JJ.(t,-i,) (2,15) 



The fbllowing tms currexits wn be calculated from the above listed eqvalaon$ 



h = ^''ildt-^ ^ e^d^ (2.16) 

/ 1 r ir^ — — - 



Tht3s, the nns currents are nonUnear fdnctiona of the duty cycle and the curr^t lipple: 

2*3 Designing the converter 

The converter losses may he distributed into foiur categories as in tab. 2.2 or mathematically 
PjttCAiL, /a» Iq} Totii Toff) 

Pirvlpi^L, fq, ^trafo» ^1 A^pi ^, winding Configuration) 

PiPtal » POro'^P^'^P^OS'^Ptraf^ (2.18) 

where Pcra ^ the loss in the input capacity, Pz, are the losses in tlie inductor, JVw exe the 
losses in switdies and diodes, and Pcra/o is the losses lA the tranefenuer. 
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Parameter Derign&ticm 


Input Cap. Boost ind. I S^tches 


TVftBsfbmifir 


Current ripple Ai^ 
Liductox 6^equency /x, 


V 


V 
y/ 


V 




S-witch £requeacy 
Air gap 










Switch nns cunent 
Inductor nns Current 






V 


^/ 


Inductor nuxuber of tum^ rtz, 
IVafo. number of turns n 










IVxm off/on times 2o///21n 
PlxysScal size /vulume 
Winding Layout 










I^Ie 2.2: Paraoieiezs to apedfy 


tbe losses. 









D«i^ the coiwstter for high efficien,gr aflthe above listed components must be included 
and «i«r anteracbon. The inductor current ripple Aix and the feequenoy (A oc /,) aze 
tw global parameters which are chosen for tbe analysis - tbe other parameters at« t^ted 
as local parameters. Thus the desiga goal is to solve the following equation 

Design goal: j^^min^^P^ = ^^min^^ [Pa,^ + + p^^^ + p,^^) ^^.W) 
The losses for each part have been derived. The designgave the foUowing general parameter: 
-a switcfaing frequency at SSUEte! 

Li the next sections the losses fte these four parts win be shown. 

2.4 Design of trazisformer 

Ibe transfonner is in many wa;y8 the Itey dement hi the dcdc converter and therefore it 
W^ot not be designed separately. Many tradeofe have been evaluated during the design 
of the transformer. This has been an iterative process becanse almost eadi design was 
reratoed. tested and evaluated. Hie design follows the description In App. A and the 
transformer was tested In the push puU circuit. The main problems in the design: 

' '^y^ *^ magnetiG loss decreasing the peak induction Isjr increasing the number 
of turns and still having enough apace for the conductors. 

• To mlmmize the leakage inductance between the two primaiy tvmdiags as » high 
coupling is required in order to have a hl^ efficient^. 
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Parameter 


Value 


Vdss 


200 V 




83^ 




25 mQ 




2...4 V 


Cus {Vds>BV) 


9nF 




$3 • lo " 




1« 3 a Drsbi* 2* Commcni $ouroa 



Figure 2.3: The MOSRBT VMK The mart jnzportaat data and a 

« To limit the vohizne of tbe transfonaer. 

In Grder to have a high coupling between the two primary windings different approaches 
was tested: Lit^ wire and foU wire was tested and it was found that the best coupling and 
the best utffi^ation of the avaflabl© space for windingB was achieved when using fofl wire 
ea primajcy winding. Also lor these -wire-types diflSerent core iypes and sizes was tested It 
was found that the ETD core 59 (the biggest ETD core) has to Kttle space for the wind^ 
ings - if the effidency target shoidd be reached at 35kHz. Instead a EE70/32.7 was used 
anccefidfuUy. The parameters for the final transfc^mer is 

• primary turns per wfaiding. 

• a 0.15x38mm ftnlis used for the primary. 

• The two primary windings is wound bifllar. 

• 25c25 secondary turns each consisting of 3x0.7njin ordinary round wire. Thus, a total 
of 50 turn secondary giving a turns ration dose to 7, 

• The traosformer core is BB70/32-7 and the material is N^. 

• The two j^imary windings are placed in the middle and each half of the secondary is 
placed on each mde. 

2.5 Switches and Gate drive 
2.5.1 MOSPETS 

The MOSPET VMK 90-0212 is selected, after a study of ewjulable switches. It is selected 
due to Its relative low on resistance. Other MOSFETs may be used later on. 
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2.5. Switches and Gate diivo 

2.5.2 Gate Drive 

The gate dxive circuit is 

swHching losses and over-voltafies due to the triofifori^ feiie^^ 
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!Sif *! ^Plct^d^ itt Kg 2.4. The arfvHTs is designed with respect to 




MOSFET 



totempole 



Figure 2.4: Oste drive cirpuzt j41 0.1 juP i 
between jsins 5 and 8, 



be comiected 



Design and Layout 

SrjfS,^*Tv"^ ""^^ "^'^ *^ HOPI.3120 rC. This circuit supports gah-anic iso- 
hifawi between coaimand signal, and the MOSPET- Motbovbt, is It capable of dnviag 

S*ot^*m ^31^'^^' ^''t^^^f 20 has a lo«. ma^^ vfc, specification 
of 0.5 y The HCPL.3120 realizes this low Voz by using a DMOS tnoslstor with 1 fl 

^ ^ ^ "**^*- When the HCP];r3120 is In the low state! 
the MOSFET gate is shorted to the sonioe by +in ''w « m tne ww state^ 

tf mSt.'^"^ after some trfal and eiror fo;nd to 3n. The power loss in the damp 
ai«ih(g?. damp loss. High off rsslstanoe-* high MOSFET loss and WclaMp loss 



Parameter 


Value 




15...S0V' 




10 ... 16 mA 




-3.0 0.8 V 




2.0 4 




2.0.4 




lSro^;« T^e2.a Amp Output Cmrent MOSFET Gate Drive Optoooupler 
HQPL-3120. The most impartant data ancT a drawing. 
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The selectioxL of the on resistaace is less critical, while the other MOSFBT cames (ahnost) 

thd enl±re eoxrent while it tuxn on, ao no additional l09$^ appears. 

The cuxi^ot Ihmtiiig resistor Rtedt in the LED dnving circuit, is given to 270 U from AgQeot 

Technologies* 

A gate-soi2rce snubber circuit may be added, in order to damp aoy possibly ringing !n the 
gate-soiiroe voltage. It may be formed by a BC drcuxt in parallel vTith the gate-source, or 
a ferrxte bead on the gate. 

2.6 Input Filter 

The input filter is depicted in Fig. 2.6. The iiq>ut filter is made up of the capacitor Cpc 
and the inductor Lfc- The lud cell is replaced mth itass Thvenin equivalent circuit, that 
are Vpc^naiixtd and Rpo- The push-pull converter is replaced with a boost: converter, with a 
switching frequency equal to twice the frequency of the puah-puH converter. 



c 









FueD oefl 



Input fifter Model of push-pun 



Figure 2.6s The iaput SJtex, toge&er with the Aid oeK &nd a model of the 
push-pull CQSvarter, 



The input filter mJl be designed, so that the specifications for the fuel-cell ^ converter 
interface are respected. Moreover, the wire- and core-losses in the inductor Is the design 
j>aTameters that has to be optimized, fn term ripple in the inductor current. 

2.6.1 Circuit Modeling 

The steady state voltage gain is given by. 



{V>c)-n l-2> 



(2.20) 



where D is the duty c^cle and n is the transformer turns ratio. The steady state average 
current through Lpc is given by 



/r \ ^ ^CwW - (Vpc) _ n ' Vre^wobttJ- (Vde)(l - JP ) 
The current ripple (peak-peak) is given by 



(2.21) 
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AT, _ (Vfc)X> • Ts {KjeXl - D)D 'Ta 



(2.22) 



The isstantaaeous xaductor eumnt is gjvaa 1^ 

-11 WAA .r%-i)«°^0^*^^ ^ r223^ 



and the mis valne as 



/^.c-a.«Ml + 3^^^'^' (2.24) 
Th6 instantoxieous FC cuxreot is ^ve& by 

aaid the instantoaeoTzs capacitor ciuTeDt la ^venby 

iCpc = *W - ^Lrc (2.2$) 
At lasti the voltage over the fiiel ceQ is given by 

vro = ^ - <Li,e <tt (2.27) 

£quatiox2s (2.23) to (2.27) describes the £Iter carcuit by means of & linear differential equap 
tlon. This equation may be written as 

yaB+p(t).y»r(t) (2,28) 
where 

V<s^vopc^,y = Vafo,P{^)'-^^^ »ndr(t) = -^ (2.29) 

The nonhontoge&eoos equation (2.28) is solved, 'with xespect to y. The solution is ^ven in 
(Krayszl^ as 



V(t) - e-*- ' e*.r(<) A+e , A = ' p{t)dt (2.30) 

The LDE given m (2.28) is sdved numezical in the devek^ed MATLAB programnxe, and 
the peak peak vohaga is gmm. by saarching tJie data. 
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2.6.2 Filter Capacitor 

The overall design goals for the filter capacitor in thSs deedon aze: 
IP Obtain a Bpedfied c^adtdnoe. 

• Evaluate tho power loss, m ordar to detennine the temperature zaislng. 

9 Evaluate the maadmtim 

The first item is easy to Iseep^ The voltage class is directly given by the fuel ceDs noload 
voltage. The size of the capadtor Ss found from (2.30) together 'wfth the Bpecification for 
the maximum allowable voltage ripple. Excessive rms cmreirt will cause the capacitor to 
ovezheat. The power loss in the capadtor i$ j^ven as 

pf 

Pcap » V Joj-<,.„ ^'ESR^ (2.31) 

The capadtor ESR is given in the Evox-Rifa pxograimae aePulse Capadtor CAD V 1,2m, 
and the capadtor cuirent ia fotmd through a simulation. The losses causes the internal 
temperature <^ the capadtor to rise. The internal ten^erature is ^ven by 



Ta =r ft^ . i?fl^+Ta (2.32) 

where ie the hot spot temperature, Rg^tt is the thenual resistance between hot spot and 
ambient) and 7^ is the ambient temperature. Excessive instantaneous current f^j^y^ destroy 
the capadtor leads and the attachments to the leads. The instantaneous current is stated in 
terms of the rate of voltage change, Assuming that the entire ripple current is byi>assed 
by the capacitor, the rote of change is given by 

dv ^Lra 

The rate ^ven above must not exceed the value given in the data sheet. 



2.6-3 Design of Input Inductor and Capacitor 

The equations ^ven in the previous section and appendix A, are now used to find an 
ppthnized inductor and capadtor. The following spedfieations are used 



Inductor 

In order to raise the effiden<7i it is dodded to use the Siemens N87 fexxite, for the ooro. 
Tlie saturation fiux density for the N87 material ia given in table 2.5. The other ma.terial 
constants are give In table 2.4, AD pazamefeers are deduced firom the data sheet. 
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2.7 Switch Mode Power Supply 
2.7*1 Specs 

The eapply for the GPI will be based oa the fly back topology, while tiie GPI oonsuines only 
appraxiinate 9.5 W. The approociinate pcyosrer levefa for the vaxioua drcuits is l^ven bdow. 



Name 


No. in Fig 2.10 


Voltage [Vj 






Posh-pull control And mteoprooessnr 
MaiziB dde measurements 
Pushrpiill gate drive 

DC-fink moaavuexnenti fairush and self supply 


1 
3 
4 

2 


+15 V, H-7.5 V, -15 V 
+5V 

+15 V, .15 V 
+17.5 V, +7.5 V 


4.0 1.3 W, 1.6 W 
0.6 W 

1.3 W. 0.3 W 
1.6 W. 0.5 W 



Ikble 2.8: The voltage Bud powr Jeveb far the Bapplies. The power levels 
are based on data sheets and xnee^urexneats. 



Moreover, the allowabia voltage ripple (AV^t) due to the switching, is set to 2 mV. It 
becomes thea possible to detenaafaae the size of the output capacitors. The Input voltage to 
the supply is teJues from the dc-lhik of the VLT. In this wy, it is assured that there aSmsys 
is power available, eveu though if the meius or the fuel cell voltages falls out. The input 
voltage (Yin) 18 then ^ven to 360 V. The nomioel duty qyde {D) is selected to 0.2. The 
switching frequency (/«) ie sdected to 50 VBz. The effidency (i?) is first set to 0.7. which 
approximates to an input power (F^n) equal to 14.3 W. 



2.7.2 Analysis 

The needed permeability is given by (2.37) 

- Bln±^^'^'f* (2,37) 
2.fl../io » ^ ^ 

where B»at is the saturation flux densify, U is the magnetic mean length and is the 
magnetic cross axea. The minimum airgab is then f^ven by (2.38) 



W^ ^''^^'^^'""^^ (2.38) 

where ie the initial permeability. On the other hand, the aixgab may not be to small, 
because -Qie transformer then becomes inductance dead. This means that the current caonot 
reach the required value in Dnm - 2« seconds. The maximum allowablo inductance is given 
by (2.39) 
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a.7. Switch Mode Power Supply 

Tfae ndnimiun airgab is then s^ven in (2.40) 

^ I^Zn:;. ' (2-40) 

where iy^, ie the priaiaiy number of turns. The turna rfttio between the primary aad the 
secondaiy windings hs given hy (2.41) 

JVp < VSTP • (2.41) 

•where is the secondary snmber of turns of the «*» winding. The miniuauiD reodred 
number of primaiy turns can be found by (2.42) 

N . - ^"'-^ 



»«*-4.'// (2.42) 
At last, the skin depth Is given by (2.4S) 



W^"^^- (2.48) 
The allocated space for each winding is given by (2.44) 

^ E^/' (2.44) 

where the mm b the tot^ turns-ampere aad AT^ and is the respectively number of turns 
«ad rms caixent for the winding. The nns eurreot is given by ? - VdTZ- For the primary 
Sf5 n to the nominal duly (sydc, whereas for the primary windmgs it is equal 
r~ r ^'."/^p - Vui/Vmtin^ This is beoanae the chaig&- and dlsdiaxee-thnes of the 

f^J^^2%^'^'^'^'^'^°^'^'^^' The stea of the output capacrtoTB 
^ i.d.(2-rf)' 

2AV^.f,' (2.46) 
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Chapior 2. Desi^ of the Current-Bbd Pasbr^nll Coxxverier PVS 



The transfoimer is now to be designed. As a startteg pdst, ihe core is sdected to be the 
EnD44 made of the md:berial 3C90. The fdlovring data is provided \^ Philips, 



B«at®SOkHz 


300 xnT 


I. 


78.6 mm 


A» 


97.1 mm' 


Jtir QiOO'C 


3700 




123 mm' 



Table 2.9: ConsUait far the ETD4d core made of 3CM. 

By using (2.37) to (2.46) together with the specifications and the data given In table 2.9 
the following xesiilts axe obtained: 



No. PiE UO and Vblta^ 


NundMr «f Eiam$ ^ 


Numbtr of rt&adff in Uta # 


OttbpUl caPodtasM |^ ] 


Pximasy 


9S 


1 




I, +15 V 


9 


6 


1100 


l,+5V 


9 


5 


600 


1,-15V 


V 


9 


400 


2,+»V 


» 


3 


400 


2.+8V 


S 


2 


SGO 




8 


2 


Uo 


4,+15V 


B 




300 


4. -15 V 


9 


1 


300 



Table 2*10; Output &om computBtlons for the trafo. The length of the ajrgab 
la eomputed to 0.062 mm. The maadmvm affowable inductaace i$ Computer to 
3»5 mH, and an a£r;gab of iziiizunam 0.08d mm must be applied, the transformer 
win o£herwiB8 be inductance-dead. The used wire j&ave a diameter of 0.4 mm. 



2.7.3 Test 

The GPI-SMPS ie teeted in order to reveal that the design is OK. The output voltage is 
adQuslied, until a reasonable value is found. The values are ^en in table 2.11. 



750O 

oja 









Main. 6^4 V 






ftT.i a 


140 J O 




ID J) a 




itx.on 


9.W W 






0.tfT W 


0.tf w 


1.90 W 



Table 2ill: The total output power equals 9.5 W. The input poweri evaJyated 
over 1 hour, is 14.1 W. The eSiciency is then 0.67. The measurements are made 
after a 25A26m bum-m test 
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10 % tartal OutoullDla™: 



10 hF 




Figure 2-10: T&e aobem&Ucs tar the GPISMPS. Five of the outlets have 
additional iJJtcan?. The values for the cojnponGnta Ir/ato- « md 
C>atcr = iM^- ^« natura/ ftiequency is thea approxbnaia II IcHz- 
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Cliapfter 3. Desieii ot thtt Cnrreat-PBd PubIifPiiII Converter 



2.8 Design of Output Filter 



The inductoxs used for the voltage to currexit tia£isformatio& is now designed. Two Inductors 
are mzule^ one for each phase. The phases becomes in this way ground &ult protected, while 
the current cannot raise infinite fitst* The hardware protection then have time to react and 
turn off the IGBTs. The specificationB for the inductors are ^ven in table 2*12 



Table 2.12: Specs for the VLT inductoTS. 

The inductors axe dedgned according to appendix A. The core for the inductoxs are sdected 
to the ETD54 grade 3C90 from Philips. The minimum air gab is computed to 3 mm, which 
correspond to 137 turn. With 137 turns, there id space for a wire diameter equal to 1.4 
mm. 

The inductor was made and tested. The total inductance is measured to 4.2 mH ® (SO Hz 
& 6 A). The total reastance (both copper and equivalent iron resistance) was in the same 
test measured to 0.33 (2. 

2.9 Summary 

The cuirent fed push pull converter is deigned in order to minimize the losses^The losses 
of all the elements have been tiaiking into account and the total minimum amount of loss 
was the de^gn criteria. Also the deaing of the internal power supply Is shown. The next 
two chapters will treat the implementation and testing of the designed conv^er. 



InductaacelT | 2 * 2.15 mH 
Maximum enrrent l^jffl x>X2) ^ 6.0 A 
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Chapter 3 

Implementation issues of the 
Current-Fed Push Pull Converter 



As IT has beea sliown brforc, the control of the Push PuD (PP) converter uses aa ana- 
log PI controUer to deliver a command signal to a dedicated dual PWM geaerator. 
In oonjunotion to this analog control, a lo^c control unit implemented in a Programmable 
Logic Device (PLD) is empl<^ed in order to provide the neceaeary protections and to im- 
prove the flexibility, as a controlled soft start-up of the converter in voltage mode, driven 
hy the micro controller. 

3.1 The controller for the Push-PiUl Converter 

The deagn of the PP-currcnt controller (hi conjunction with the appBcatlon note). This 
controlkr has the foUowing requirements: 

• to accept lef^ence signal from ihe microcontroller 

• to include a PI controller for the inductor curreat 

• to convert the output agnal from the PI current controller in pulses for the PP 



• to include auxiliary drcoits to provide soft; start-up of the oonvertea:, aatiwindupj 
and to provide galvanivaly insulated analog aignels to the microcontroller of the FC 
voltage and current 
Fig. 3.1 ahowa the control diagram of the PR 



3.2 PWM Modulator 

It has been chosen a PWM modulator chip, dedgned for driving the two transistors in 
PushrPull configuraldon. The spaa of the control voltage is glv« in the catalog 0-5V, but 





transistors 
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confdnuous variation of the du^-cyde is prwrtded only between Q.9 V - 3.6V. Rron 3.3 V to 
5V, the dutjr-qrde leniains onduaged (about 47%), while bdow 0.9 V, the duJy-cyde of 
th« pulsea duioees Buddenly from about 5% to zero (no pulsea). This Is shown in fig. 3 2 



Duly cycle 



47%- 




! Ccy itrol VQltcioe 



0.9V 3.6V 6V 

Fi«ure 3.2: TtaasSsr ebaisctenstfc of the SG3525 anelog PWM gsieratov. 

Tb^ circuit (SG3525) i8 desisned to drive voltage mode Push Pull Converters, therefore 
the commaiui signals should be invmed befoie driving the gate-drivers. As a precaution! 
an anti-windup drcoit was emplqjred, to ptovide contiiiuous <q>eration 6{ the PP. in any 

3.S Soft startup of Push-Pull Converter 

In OTder to avoid over currenta during start-up, caused by the uamftgneti2ed trwisfoimer 
or the saturation of the analog PI oonttoBca 'which may cause overahooting of the control- 
signal, auxibaiy circuit should be used. These cDnast ofc 

' m o^;^?*"?.?™* (U4-D4.R18.1U9-C11-D5). on both upper (4.7 V) and lower 
(0.9 V) hnut of the PI controller output. whi«jh gives the possfbilitgr to have continuous 
pulse ffweiation. 

. a controllable nmdmum switch overUp duty-tyde circuit, which gives the posaibUltar 
to force the Push-Pull converter to work with nrndmum switdi overlap duty-cyde 
meunng minimum power in Delink, connnanded bom the microoontroDw wheii 
needed; 

• octra ftmctional logic found in a PLD. to allow direct command of the PP transistois 
tram tne micro oouttoller, when needed. 

• few digital outputs from the mlciocontroner, controDed by software; 

AD these s^<^ts fonn a hybrid tsgulator (analog& digital), able to react veiy fest 
(diaractenstic for analog control) in order to control the current in the inductor, and also, 
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providing flejdbflity (characteristic for distal control) in order to boIvb easily aQ tbo te- 
qvdred tasks need^ by & fuUy JtincUonal protolype. 

In order to be able to start-up the Pnsh-Pnll converter without overcurrents, is necessary 
to ramp-Tip the duty-cycle in voltage mode, from asero duty-cycle to 50% and beyond, when 
this goes in current mode, unta it reaches the minimum limit of the switch overlap duty- 
cydLe ^ven by the analog modulator. In this way, any ahodc is eliminated. However, due to 
the presence of the inductance in tibe drcuitt during votcage mode much energy is produced, 
whidh flows into the damp circuit. Therefore, tl^a rampng should be completed fast, and it 
should be verified if tho damp circuit is able to withstand the transient without exceeding 
the safe operation voltage leveL 

Investigations to implement the previoudy announced start-up principle exduavely by 
analog drcuitzy gave no result, therefore it has been chosen to produce with the micro 
ctmtroUer the two-desired controllable duly-cyde 180*" shifted pulses» by using two digital 
outputs driven by the Capture-Compare Unit» To be able to control directly the gate driver 
by these signals, another mgnal to sdect the source (analog PW-Modulator or microcon- 
troller) should be used. In Pig. 8-3, the principle of generation of the pulses is shown. 
Timer TO la runhing continuoudy with a frequency v«y dose to tlie analog P'WM genera- 
tor. Digital outputs P8 and P9 are programmed to work in mode 3, commanded by CCS 
and CC9, wUdi are both asdgned to timer TO. 

The pulses Bxc not equally placed, because of software simplicity, but also, because is pos^* 
ble to reduce the en^gy whidi flows in the clamp drcuit when a firing pulse is immediately 
following a previous firing pulse in the Push Pull converter. Also, it is easy to overlap the 
pulses, by maldng CCD smaller than CC8, and perfonnmg smooth^ the transition from 
voltage mode to current mode. 

In order to eliminate overshoots of fhe analog control, when the converter Is started, or 
•when the command is switdied back to the analog PW Modulator, a circuit to force the 
PI controller output, being controlled from the niicrocontroller by a digital output is necee- 
saxy. This circuit Cri-D6-R31-G17) should force the output of the PI controller to be hi^er 
than 3-^, whldi corresponds to the mixilmum switdi overlap duty-cyde when coxmnanded 
from microcontroller, and to ensure a smooth transition to steady state when command is 
released (R31-017). 

In Fig. 3.4 the evolution of the control signals during the start-up is shown. The con- 
verter starts driven by pulses produced by the microcontroller, with a variable duty-cyde, 
zampine io a value, which corresponds to Ihe minimum switch overlapping duty-cyde, spe- 
dfio to the analog controller. Therefore, at the eod of the ramping, the converter goes 
smoothly from voltage mode to current mode, AD this time, the output of the PI controller 
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Figure 3.3: Gen&t^tiom nFpvlaes br opeiBHon in voltage mode. 



is clamped to a value, which applied to the P WM generator, produces the same duiy-cyde 
^the^aed by the microcontroller at the end of the ramp. Therefore, when the source 
of the pulses is switched from microcontroller to the analog PWM generator, no transient 
should appear. Only after the output of the PI controller is softly released, the dnty-cyde 
of the switches may vary freely, in order to regulate the inductor current at the desired level. 



Figure 3.4: Evolution of the control sifpoals dvnog PP startvtp. 
In Fig. 3.4 is illustrated the auccessful stan^up of the PP converter. 

3»4 D/A converter 

This is used to interface the micTocontroller with the analog control of the PP converter, in 
order to vary the reference current of the PP converter in respect to the PC characteristics. 
As the microcontroller has ho D/A port, it is necessary to convert a digital signal, whidi is 




Foice mxnsmuiFWM ttT K 
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puka ^dtb modulated, into a coiKlmuoiu aaalDg Bignal and the drcnit con^ in a low pass 
filter. The main requirement is to prcrvide a range of 0-5 V for the continuous signal wbea 
the duty-cyde of the digital output varies from 0-100% and the rii^le in the referee to 
be low, so the inRuence on the PI curreDt controller to be low. 

3.5 Protection of the power switches 

La order to switch safely duiing normal operation, without risk of destroying the switches 
due to the overvoltages caused by the lealcage inductance of the transformer, a damp circuit 
has to be employed- Furthermore, the shutdown of the converter during faulty situation is 
not a problem anymore, if the capacitance in the clamp circuit is sized in order to take over 
the energy in the PP converter magnetics (inductor and transformer) without exceeding 
.the maadmum admisrable voltage. 



<-both s^tches on: 



,) (3.1) 



-a single switch on: 

where Lc^ou is the inductance of the PP inductor, Ltrafo Is the leakage ioductaace of the 
transformer, Inua ia the average current from the FC, A/^^ is the current ripple in the PC 
unfiltered current, Cd^w la the capaatance of the damp drcuit, Um^MOS is the maxlmnm 
admissible voltage across the power device? and Umta-d^ ^ m fl y im x im voltage in the 
damp circuit in normal operation, i^ven by the load of the damp drcuit. 

The second case is also the most severe. Therefore, the value of the capacitor is found by 
repladng the parameters with the quantities from the PP converter design: Lchch^ = 28 
/^H, Lir^u = 0.6 /iH> Im«x = 40A, Aln^p = 10 A, Um^-Mos « 190 V, lW-<i<,mp - 175V, 
whidi ©Lves Cdamp > 10.5/iF / 200Vdc and a current capability higher than 45 Amps. 
It has been chosen a 20uF/250Vdc fihn capadtor (PHE426). with dU/dt « 30V//za which 
gives a current capability of 600A. 

3.6 Adaptive load for the clamp circuit 

The energy, whidi flows fix the damp drcuit capadtor during normal operation, depends 
only on the lealcage inductance of each primary winding, and is dependent on load condition. 
As a high internal resistance diaxacterizes the diaracteristic of the fuel cdl, it is expected 
that the power flow in the damp drcuit will Increase drastically, when the operating pohifc 
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33 getting close to the maxnnum pow^. This depends on the leakage inductance of the half 
split primary winding of the transformer Ltrafo> on tha value of the srotching frequency 
and on the cuxrent, which ia braked. 



icTomp — 'AJvfo — 2 (3-3) 

Requirements for the adaptive load m the damp drcmt axe to Umlt the voltage level in 
order to provide safe operation for the switdiee and also to maintain a higher voltage in the 
damp capacitor, which win force a faster turn-off and therefore lower switching losses aad 
also keep the clamp circuit blocked from worldng as a rectifier when the voltage across the 
primary refiects the conduction of the diode reotffier in the secondary winding. Therefore, 
the voltage In the damp circuit should be maintained high in a wide range of power levela! 
Bxperimenta on the prototyped tranafbsnnera are cairied out by adapting the value of the 
load in order to maintain the voltage in the daaip capacitor at a desired vahie is shown in 
Fig, 3.S, The load consists in a variable resistor to feed back ^ergy in the fuel cdl, with a 
maxnnum value of 8.8 kfl, which may be decreased in order to increase consumption. AH 
the operating range is checked and the results axe prese&ted below. 
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circuit determined by experiments 



An ideal characteristic of the load for the damp circuit ia presented in Pig 3.6 and the 
practical implementation is deleted in the right side. 
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Figure 3.6: Ideal characteristic of We load for the clamp draiift and the 
pr90tiioal implBmenta,Uoxi. 



The meaning of the elements in the drcuit: The Zeaner d5ode is neceasaiy to ensure that the 
load will work only for voltage levels hi^er than the reflected voltage from the 8e«>ndaiy 
side and bdow the masdiaum aHwrable voltage. A* tow power. K is necessary to by-pass 
the Zeaner diode with a pereflel resistor to order to discharge the clamp capacitor, as 
TraU as to decrease the power dia^ation in the Zemite diode at higher voltage drop leveL 

A series resistance R, is necessary to adapt the eJrtemal characteristic of the fuel eell. The 
limit for the legulataon voltage of the Zcnnar diode are verified: 



Ugtmmr 



> iUoc/ntrafo - Urcnan, wfaich gives a minimum limit of 75 V 
< IW - Upcmin, -which gives a masdmmn limit of 150 V. 



It 5s chosen t/^enner = 120 V and in order to provide the necessary power dissipation ( Jic«*n« 
«. 45 mA), a group of +3xgV/ln Zeaner diodes is chosen. Also i?p = 15 kO provides a 
low consumption in the low power range and is able to discharge the damp capaotftr m a 
satisfectory time period. The swies reastor R, is chosen of 200 Ohm in order to fulfiU the 
following equation: 



(3.4) 

The experimental evaluation of the prototype confirmed a good matching of the voltage in 
the clamp drcuit wHh the diaraeteriatic of the transfonner. 

Because the energy from this load appUed to the damp circuit is wasted, xt has been 
introduced a drcuit whid> uses a part of this energy to feed a email &n fia cooUng of the 
power transFortner of the PP converter. A comparator senses when the amount of energy 
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in the damp circuit whidi is proportional to the FC current increases, whidi means that 
the power processed by the PP csonverter increases and losses in the tzansforzner increases* 
Then the &n is supplied and starts cooling the transformer. The overall efficiency of the 
PP is not affected. This is shown in Fig. 3.7. 
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Chapter 4 

Testing the Current Fed Push Pull 
Converter 



TEST RESULTS the first prototype of tbo cuirent fed DO-DO converter axe shown. 
Steady state operation wfll he presented and a procedure to $tart up the converter 
without triggering the over current protection due to inrush current. Losses -will he analysed 
before the effidenc^^ is evaluated, 

4.1 Steady state operation 

Steady state operation is demonstrated with a ohmic load of the converter. Fig 4.1 on 
the next page shows steady state wavcfonns at different power levels. It should he noted 
that the output current is negative due to the positive direcUoA of the eunent probe. The 
waveforms match those shown by simulation earlier The figure Dlustrates how the switch 
over voltage during commutation increases with the inductor current(and power level) due 
to the increased amount of stored ^ergy in the lealcage inductance in the transformer. But 
the obtained magnectic coupling between the two primary windings is quite high as the 
switch current is balanced (ia. the windings shares the current equally). 
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Figure 4.1? Measured atea4y state waveforms of the cuxrent fed pusb poD 
caavertcT. Mageaia: output current, biuc: seamdaty transfonner voltage, 
greeai-switdJ voltes eaid yoUasnr. switch or priiaaiy traasfcxmer wiodifltf car- 
renC SOOW. b) 600IW. o) 966Waad d) lOOOW. 
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4.2 Startup 

Startup ia not as rtraight fiwward as it seeiufl beeaiise of the boost nature of the circuit. 
Hence, there is no reflecting voltage to decrease the inductor current and the cnixaxt ia 
therefore not controUable - in current mode. Therefore a soft startup procedure have been 
deveOoped (cf. chapter S). Kg. 4.2 on the facing page shows a whole startup of the current 
fed push puU converter: The two top signals shows the two gate signals, the middle signal 
is th« damp voltage and the bottom l8 the inductor current. The transition from voltage 
mode to current mode can eaaUy be identified as the point where there is a sudden chaaga 
in faiductor cuxrwit -a.bout on© divisum before the middle of the screen(tim6 scale). 
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Figure 4.2: Startup of tbe cnrrent fed push-pvU converter. 



Fig. 4.3 shows a soom of the transition from voltage mode to cuireat mode. From this 
figure ia can be seen how the gate signals diange at the point of transition. Before the 
transition (in voltage mode) the converter operates (seen from the inductor) as a bade 
converter with a near unity duty cycle and just after the transition (current mode) the 
converter operates as a boost converter with a low duty cycle. Thus, the transition is a 
chance from budc mode operation to boost mode pperataon. 




Figure 4.3: Afeasured tran^itfon from voltage mode control to current mode 
control. 



4«3 Losses and efficiency 

Fig. 4.4-4.5 shows measured losses for the current fed push pull converter with the final 
transformer. Fig. 4.6 shows the loss distribution. It can be seen that the dc-dc converter 
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has arelaiive high efficiency up io 600W and even aioundl 91-92% at foD power. In addition, 
these figures clearly shows the power loss in the damp circuit. 




Figure 4.4: Losses and efficiency at diff&tent poTrer JeveJs with the designed 
fafans/brmer. 




Figure 4.5: Losses And 6ffic!enc;y ai different pcfwer levels vritb the desired 



4.4 Conclusion 

This diapter has demonstrated the functionalily of the coirent fed push pull converter and 
the modified startup pi-ocediire has been verified. Losses and efficiency have been measured 
and the converter has an efficiency in the dedred range to meet the target efficiency. Thus, 
the cun-eat fed push puD converter operates ea expected and the efficiency also ooxresponda 
to the spedficaUona. 
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Figure 4.6: Loss distzibu^ at diOstmt power Jevefc. 
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Chapter 5 

Inverter control and modulation 



THIS CHAPTER deaeribes the Implemented control and modulation of the grid conr 
nected imrertw. Speaai attention l8 put Ott control of the grid current and on the grid 
connected LCL filter. 

5.1 Requirements 

The aSm of the inverter control is to load the DC-hnk capadtor to order to maintain the 
do^»mponent of the link voltage *t the desired value V^r^f. The current impressed into the 
utility grid must comply with EMC tegulationB - botii low frequency and high frequeniqr. 
In addition, the inverter must he fest eaough to protect the do-link and the semiconductors 
from over vdtages due to power proceeshig from the push-pull c<mverter. In short, 

DO-link voltage controli The DC-link voltages must be controlled to haive a do-velue 

at V^ejrtf. 

Grid current wav^fi>rmi The grid current must comply with IEC-61000-3-2. In addi- 
tion, the current coatroDer must be robust towards Kne voltage background distortion. A 
sample from the laboratory is seen in fig. 5.1 on the next page. 

Beddes the harmonic content of the Bne current, two performance Indexes axe used: 



%rHDt ^ 100 X 



lOOx 



^ IsJl^ (5.1) 



A g. _T.V.-K/cA 003(^0 (6.2) 
S, Vgig 

(5.3) 



M ^.co5(^i) Car dnnacddel voltage 
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Figure 5.1: BecScgFomd line voltage distartioii. a) Lalyoratoiy voltage mdvd- 
Sag ibhd, Mb, and seventh hannonfc voltasgo. b) lane power w/th dfetorted 
vcHtage and perfect lesistor emulation. 



The total harmoalc cunent distortion %THA 3a arelative meesure of the dogroe o£ distor- 
tion of the line current to the first harmonic current. With perfect resistor emulation and 
with a background distorted line voltage, the Bne current %THDi win the same as the hne 
voltage distortion %rHD^. The measured total harmonic line voltage voltage distortion la 
around 3.5%. The power factor P F is a measure of the acKwe power J*, to the apparent 
power Sj. For perfect resistor emulation ajid regardlese of background distortion, the power 
factor will be unity. The power fector indot also includes the phase angle between voltage 
and current. 



5.2 Ck>ntrol strategy 

There exist several laethods/strategiea to control the grid connected inverter. In order 
to fullfill the low harmonic regulation lEC 61000-3-2 and to limit the power losses m 
the inverter the convoter ie controlled to emulate a rodstor Rc- Hence, the grid current 
waveform miut be a scalar the vbltaise wavefoim: 

».= !k (5.4) 



la 



With perfect resistor emulation and with a grid voltage as in Fig. S.l.a then the grid power 
win be M shown In Fig. S.l.b. Shown in Fig. 5.2. the control strategy of the inverter consist 
of two cascaded control lOOpS- The inner current lop shapes the Ihie current to a shape 
siTOlar to the Itoe voltage. Hence, the iikvetter enrahrfwi a resistance. The amplitude of the 
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Figure 5.2: Control strategy of the whale GPI converter. 



m^^ 




Fig;ure 5.3: PrlncipJe of currant control, a) Inverter, b) equivalent circuit 
and c) phasar drcuit 



line current or the vahie of the emulated resistance is contxolled by &e outer Yoltagea loop. 
Since the line current -in the ideal case- is sinusoidal the power delivered to the grid is a 
pulsating power at twice the line fre<iuency and the power ripple ia 100% (cl fig. 5.1.b). 

Pig. S.3 shows the control prindpTe of the line current. As will be shown later, the grid 
connected LCL filter can be regarded as a inductance(for low frequencies) and the equiv- 
alent circuit is shown in Fig 5.3.b and the ccorespondhig phaaor diagram iox unity power 
factor operation 

The troltage phasor equation becomes; 

^oft "^mid + (5.5) 

Since the inverter voltage Vab conaist of the sum of the grid voltage and the inductor voltage 
the grid voltage is fed forward and only the inductor voltage is calculated by the enirent 



72 



23/08 '02 ia:S5 FAX 74882003 



BAIO^OSS PATENT DPT. 



78 



PAT^HtREETORAT 12073 

Modtaget 
23 JUNI 2002 

Chapter 5. Inverter control and modulBtion PVS 




Figure 5.4: Example of the current control loop. 



controller. Fig. 5.4 dhows an example of this control strategy. The upper curve shows the 
error currenti the xniddle curve shows the reference current end tlie lowor plot shows the 
inductor current- The grid and the inductor current axe not sinusoidal 'because the outer 
voltage control loop distort the current reference which the current controll^ follows (cf. 
the multipHer in fig. 5.2). As can be seen the inductor current follows the referaaoe current 
aad the eiror signal is low in amplitude relativB to the re&rence. 



5.3 UtiUty filter 

From fig. 5.4 it is obvious that the grid corrent is a filtered version of the inductor current. 
Ad depicted in Fig. 5.5, a third order LCL line filter is used. Hencej the inductor current in 
fig. 5.4 thus co»esponds to the current ii tfazough Z< in fig. 5.5 and the current through 
Zg is the grid current. 

The LCL filter has the following components (without damping}: 



2i = Axa+iiS 

2»g as Jl^ -I- ZiffS 



and the component values are listed in tab. 5.1. 



m 

(5.7) 
(5.8) 
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Inverter 




Figure 5.6: Une Bltet conSgura^on. 



1 Li [mH| Ri ]mSi] 




Jig [ToSl] \C\piF\ 


1 4.0 1 400 


850 


180 j 2.2 



Table 5*1: Line Biter parameters. Ri said are do-vaJires. 



5,4 PatGr transfer functions 



This section describes tho tramsfer functions iised in the later current control design. There- 
fore the Bira ia to link the filter terminal yolta^csCgiid and inverter voltage) to the Inductor 
currents. 



5.4.1 The general Case 

In the general case all passive dements are treated as impedances. WHting the two voltage 
equationfi yieldB: 



Vi = {Zi^Za)Ii -ZJg 
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Ttaas&it function £coia l{ to , ie. (elimSnation of /«): 



ZoiZi + Zg) + Zt2g ^* 2o ' 

Zg + Zi 



Itensfer 



2'o(^t + ^fl) + ZiZg 2b(^ + + ZfZg ^' 

fanctiott from Vi to /«, ie. W| (diminalaoii of /j): 



HiuB eQ. (5.11) and (5.13) gives the&Uofning gensral tnuufer functions: 



a^(s)A 



VbW-0 



lni(a)>4> 



2b(2ri + Z^ H- 2^2r, 
Zp{Zi + 2,) + 





(5.10) 



(5.11) 



Zo(Z,4-2p) + ZjZ, " 
2o 



(5.12) 



(5.13) 



(5.14) 



(6.15) 



(6.16) 



(5.17) 



Thlfl are the four tranBfer functions HnHng the two filter terminal ventages (grid voltagB 
and inverter voltage) to the two inductor currents. Fbr the purpose of control the transfer 
functions of Interest ore ir|»,,(s) and J3i-i(s). These two transfer functions -will be used 
in the controller dedgn. First the ideal case is analysed and then non-ideal conduction 
resistance is taken into account. It should ba noted that fl'<_,(s) = — ,H"^((s) due to the 
^metiy of the filter and the sign iovergion fidlowa firom the definition of current directions 
in Fig. 5.5. 
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i PVS 
$.4.2 The ideal case > 

P^adtJc resiston are eluded in ibl ideal ease. Setting 2, £,8, z, = i^s, Zo = l/iCs) 



The amplitude resposse becomes: 



A«aia, setting 2i - Zg » LgS, % «s l/((7s) yields: 



,v(.)-o itiiC'*' + (L, + L,)5 (6-20) 



The amplitude zespcntse becomes ' 



The reeonance freqaen<7 of the LGL filter 



IS 



■'^^S? -W^"*^' (6.22) 

amplitude response of |ff,^0«-)|. |J?^,0-^)| and for lH^(Ju,)i where 
IflirOw)! w the amphtude response of a finst order Eoratem conzdsting of tai inductance 
ilnner) and the parasific conduction resstance. 

Aa can he seen, the the amplitude re^punse is akoost equal fbr all three functions when 
«iB frequency is lowm than the Teaonauce freqnentsy. 
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Figure 5.6: Amplitude response of ideal LCL Biter and for a LR circuit 



5.4.3 The non-ideal case 

Defining Zt =^ Zi^Zj, with Lt = + i^p and A = fl^ + ii^ a^d setting Zt = LiS + lU. 
Zg = LgS + fltf , Zii = {Osy^ yields: 



(5.23) 



and 



(5.25) 



s^LiLgG + 8» (CL A + ChgRi) ^BiLi-^- RiRgO) + A 

1 /g 2g\ 

The amplitude responaes becanes: 



1 



3 (5.27) • 



(6.28) 
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Figure 5.7: >linp2itude response oFLCL Biter, a) Cbmparison of t6e dflB^ 
conduction r«fsta»co a«d the «,a-«ea/ eH« fecZudto^ tt^^Z^ 

Ll in L'^'JTh 1^°™^ conducting re8istance is included 

5.4.4 Adding passive damping in parallel to Zg 

Fih^ transfer fimctions are derived v^en pasaive 6^ of the outer inductor Is intro. 



Ideal 



case: Pararitic amducting resistors axe omitted. Setting Z, ^ L,s\\Ii^ yields 



The filter transibt fimction then becomes 



(5.29) 



IhI>^B^ + Aiijs* + J?i(i< + i,;)s (5.31) 
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Non ideal case: Paxefiitic conduction resistoxB axe included. 
The filter tranefiar fonctioa becomes: 

__ (UOs^ H- RiC8 + l)iLeS + Rs + Ra) 

~ s368 + sa6a + 861 + 60 ^ 



■(5.34) 



where 



at = L^C^Rg-^R^-^LgRiC ha = HdC{LgRi^LiRg)-tLiL^ 
Oo = R^-hRd bo - Rg-^RiRd 

(5.36) 

5,4.5 Summary 

Trajisfer function have been derived of the LCL filter for the pnrpoae of current control. A 
comperl$(m betwe^ these third order functions and a inductive equivalent shows that below 
the resonance frequency the single inductor-resiatoc eq.uivalent is an adequate approximation 
of the inverter voltage to mvezter current but in order to describe/analyse stability the LR 
drcuit la not adeQuate near the resonaaoe ficequeacy of the LCL filter. 

5.5 Current loop design 

This section describes the design of the current control loop. 
Control loop structure 

Fig. 5.8 shovTB the block diagram of the cuzxent control loop. The input re&renoe is 
the inverae of the emulated resistance R^(z) (cf. Eq. (5.4)). The emulated conductance 
gm(j^) ^ is multiplied with the grid voltage in order to form the current reference. 

If a compensation tedxmque (to be explained later) is used then Cg^iz) manipulates the 
reference to change the system dynamics between li/Irtf* ^ this compensation is not used 
then 0;^(z) — 1. Hence, if C^{z) = 1 IrciwwJi^) ^ /re/(«)» The output/inverter 
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Figure 6.8: Control block diagram for the caneat loop. 



voltage Viis) to the System Jfft^ia) is «he sum of the ouneat ooatroncr D(z) and the 
feedforward of the grid voltage According to Eq. (5.13) the Inductor cmrcnt should 
be a summation of the inverter voltage and the grid vohag» mtered through Eq.(5.1S) and 
Bq. (5.17) respectively. UtUiatag the ^ymmetiy of these filter transfer funcbJons (Hg^Cs) = 
-Ei^{s)) allows to substitute J^iW by --Hi-sCs) as can be observed. Pig. 5.7.a reveals 
that a frequendes weU below the filter lesonaace firequency (/ « then \Hi^M\ « 
If tXl"^^" la also true for the phase margm (this can also be seen by comparing Eq 
(S.27) and Eq. (5.27)). Thus, the feedforward of the grid voltage cancels the influence &om 
the gild voltage (at low frequencies). But it Is also obvious that the feedfor^razd loop has 
less attenuation at higher frequencies and is thus not hnmune tow&tde high ficqnency noise. 
Thcrefrae a low pass filtering <rf the feedforward loop should be used in order to avoid noiss 
problems. 

Current control loop specifications 

Design of the current controller will be done based on both the thkd order LCL transfer 
^nctaan and on the simple LR modeL The basic demands to the current coutiol loop is 
(besides sbabilify) *^ 



1. The current controller must be able perform a near perfect resiator emulation which 
means a near unity power fector operation with a low current thd. 

2. The steady atete enw should ideaHy be zero but at least as fimaD as possible. The 
term steady state is used for «he situation where the emulated resistance is constant. 

order to obtain a hi^ power fector and a low current thd the current oontroUer must 
he able to track not only the fundamental grid firequency at 50 Hz but also the distortion 
comp^ta audi as ahowti in fig.5.l.a on page 76. The switching frequency and the sam- 
pling fcequenjy is 10 kHis with a tbne period at 100 ps. In order to handle badcground 
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distortion the settling time of the eurreat controller is set to X = 10 samples witch yields 
1ms. Setting the damping ratio to C = ^ 0«707 provides optimal step response in terms 
of settling time. Hence the desired placement of the dominating poles is . 



Hence» a natnral frequency at ti^ = ^ » 6283 [rad/s]. 
lype of current controller 

Chooang the type of controller depends on the type of system and on the of lefer- 
csnce agnal, The type of Qrstem is determined as the number of pure integrators of the 
open loop including the controller. Thus a I-eontroUer wiH increase the type of system 
hy one- Ideally, the current controller must be able to follov/ a AO-sagnel as reference. 
Both the simple LR model and the third order LGL model including damping and par- 
asitic conducting resistors axe type zero systems meaning that there are no pure integrators. 

K asine wave is regarded as aramp reference signal then system must be type 2 system in 
order to have zero steady state error. A type 1 system will have a finite error. Hrom tiiis 
point of view a type 2 system should be selected but since the filter is a type 0 system two 
additional integrators must be added which in terms of stability Is very difficult to handle. 
Since the settling time is much higher than then ^damental gdd frequency the system 
can approodmately be regarded as operating in quasi steady state with step inputs end a 
type 1 system have zero steady state error towards step input reference signalB. Therefore, 

• A PI controller is selected as cmrrent controller. 

• The PI current controller will have a finite steady state error which decreases as the 
proportional ^n increases. 

• Roughly, the integrational part determines the phase shift between the grid voltage 
and current, end the proportional gain determines the reference signal tracking ability. 

6*6.1 Simple LR equivalent model 

The discrete transfer function of the £48 + iZ( impedanze is 
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zr (^\ - ^ ■■ ^ (5-10) 



X-exp(-^T.) 1 l-ct 1 

where a = oxp{-feT,). The PI controDer traasJet lunctfon: 



(5.42) 



^ (6.43) 



The opea loop transfer function (without delay): 

GE.i{z)==K^ -ft- (»-!)(* -a) 
and indudisg the delay 

Pig. 5.9.a shows the root locus for this system in Including ddaor. Left (Fig. 5.9.a) shows 
the infliiiencse on the root locus when the integration time Ti varies. In order to have a locus 
passing the desired pole placements a integration time - 8 - T, bftve hem chosen. Fig. 
5.9,b fihows the root locus for Ti - 8 • T,. 
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a) b) 

Figure 5.9: Root focus of ciuzent loop iadnding dehy. a) Diifereat iiit«^a- 
efoii times and b) root locus at T{ = ST.. 



Poles 


Zeros 


K, 




0.8333 


0.8889 


14 


8 


0.5784 ^;;0.2888 









Ikble 5.2: System poles sad zeros of the current control loop. 



At a proportioadl gaan at Kp^lA the poles and zeros of the dosed loop is listed Ux table 
5.2. Fig. S.lO.a dhows step the response of the current control system (red) and the desired 
step response (blue). The dynamics are a bit different to the specified performance due the 
the extra pole added (rom the m^t delay. The real pole aad the real zero can be compen- 
sated in order to make the dynamics match the specifications: 

<7U») = i:^-^ = irel^l^ (5.46) 

Fig. S.lO.b shows the $tep response with oompensation but also the eSbct of not compexX" 
sating correctly. Thus in order to utalSze compensation it is required to match the system 
poles and seros exactly. 



5.5.2 Complete LCL model 

Analysing stabiHiy of the current loop with the third order LCL model it is necessary to 
include damping or some equivalent matdpulation of the open loop poles at unity propor- 
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fcoji and i>;«,bustee« of tie awapcnsat/onaccarMjy. •^conpeasa. 

S^tln-.^^l.'^^ri^^.^^ *o ouW^d connected 

«. uBBo. tig. 5.11 Blums the efiiBct of addmg damping fa tenns of stabilily. 




Fi^. 5.11.a shows open loop poles and zeros witlioiit rhlar-W - 
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Usix^ fig, S.ll.a alone it would be reasonable to choose the damping realator ad low as possi- 
ble. But since the power dieslpation in the damping resistor increases and filter attenuation 
de^^ as the resistor value decreases there exist a trade off between stabilfty, efflciencjr 
and filter attenuation. Ikb. 5.3 shows simulated power dissipation in the damping resistor 
for diflfexttit resistor values at different power levels. 



Pcmc [W] 1 


10 


Damp! 
22 


ngreeis 
38 


itor[{2] 
47 


68 1 


300 1 


1.269 


0.668 


0.399 


0.324 


0.225 1 


l%] 1 


0.432 


0.223 


0.133 


0.108 


0,075 1 


600 1 


1.307 


0.686 


0.410 


0.333 


0.231 1 




0.218 


0.114 


0.068 


0.055 


0.039] 


1000 1 


1.408 


0.731 


0.435 


0.3S3 


0.245 1 


^psi 1 


0,141 


0-073 


0.044 


0.035 


0.025 1 



Table 5.3: Powbt disaipatica in damiwg xe^stor fer diSereot resistor values 
Aod at diSxtcot power leveJs. 

JJcludBd in the table is the effect on the qrstem efficiency. Fig. 5.12 shows an example on 
the current through and the power dissipated in the damping resistor. A damping resistor 
atHa^ 38n has been dboosen and will be used throughout this chapter. 




Figure 5.12: Cuxront and ^jower disafpatfon in damping res; 
the damping resistor is ASO. 



Fig- 5.11.C shows the root locus with (H^ i 



and without damping. It is obvious that 
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without damping the system ia unstable and that the damping redstor stabilize the o^stem. 

Figure B.13 shows root locus and step response when the Id model in Eq. (5.31) ia used- 
Three different integral tune constante have been used. Fig 5.13.a shows the root locus 
with Ti = 22r, and the pole location for a proportional gain at Kp = H is shown. This 
gain shows to provide the best step response with Ti = 222^. Shown in ftg. 5.13.b the 
step response has the same effects as shown in fig. 5.10,a (blue) since the overshoot tend 
to be higher than expected and the settling time is also longer than specified. Again, the 
responses can be improved by adding a compensation function simUar to the one used 
for the simple LR model Farther more, the step responses in fig. 5.13.b,d,f are more 
oadUatoxy due to the additional poles near the stabOity border in the left part of the plot. 
In fig. S.13.e-F are the root locus and step response with the same controller parameters as 
used for the simple LR model. The response is similar but more oscillatoTy. It should be 
noted that the dominating poles are slower In fig. 5,13.e than in fig. S,9.b due to the more 
accurate modeL Actually is not pos^ble to obtain a mu<^ faster system and stiQ mainta^ 
a stable system. Which of these three controller parameters to be used in the laboratory 
setup will be chosen through simulation in SABER (see section S.8 on page 98). 
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Figure S.13: Beat looaa tad step respoose ofcaamt loop vben the LCL 
model is wed. 
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5.6 Voltage loop design 

deinonstrated in previous section, the coirent coabofler controls the ^ shape 

cDiTent < The do-llBk voltage must be maintamed on a level above the peak of 
Se wZJSJ T.i"^". *° *° controlability of the mverter. Re^Sx^ 

S 1^ curi«rt reference. Tfaie reQuStee a very slow delink contol. In tenna 

of dc TOltage protection the dc voltage controfler mnst be &st enough to a:^id haaJdZ 
ITt^a ^'^,'^"^'^'^P-*^'^^<^^«-^^uetotir^ 
SI ^ "'"S^^" ^ '^^'^ ^'^^"'^ *^ hardware prot^ton 

^ V). Settrng again the damping ratio to f = ^ and taking the slow dynamic operational 
^ementa from the fuel ceQ ^ into ac«St the bandwidth of tl^^age^oS^ 
e^cWi very oj.^^ =2-5Hz. Setting the settling tune to 2500^^S,^ 
quarter of a second)yieIds the desired pole placement of the volta«e control looT^^ 

u 

" ;^(-l=*=^)«17.77(-l±j) (5.47) 
= exp(r,8i,2)ft» 0.9982 ±j0.00l8 (5.45) 
SSrt«*aS£li).'^"° ^'^^^ intercomieots the DC-DC converter and the 










"c 


4 





POAC 




40 



Figure 5.14: Eguivalent <!b«uii ihr de-iinfc con«zol. 

The djmamics of tte cuixent loop ^ be neglected dnrmg design of the voltaw controner 
«nce the current loop bandwidth is app. 250 times hSer Si i^<^Tfol^^ 

the voltage controller band^th. Therefore, the e<mivalent diafiram on fig. S.lA la usS 
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PI 






to 



Figure 5.15: Equivdlent circuit ibr dc-hnk control. 
2U5 znodd for tlie voltage controller. 

R)r perfBct reaidtor emulation and witih fiinnsoidal grid voltage the power balaaca £^ves 



(5.49) 



Thus in steady state there is a simple relation between ioa ™d i^. A PI controller is se- 
lected in order to achieve a do voltage error at zero and to have a more smooth do current 
reference less senmtive to noise. Fig 5.15.a shows the biodc diagram of the the dc-link 
control of the circuit in fig 5.l4.b where the rectified current is treated as an disturbance 
since this parameter is not measured. Othewise ib -would be obvious to make a feedforward 
comprasation of the rectified current Making a linear approodmation around an operat- 
ing point of rectified current gjlves the block diagram in fig. 5-1 5.b where die resistance 
ft-ec =^ y"^- Also the fictittous resistance Rrw can be calculated as 



p. 



(5.50) 



PfcVocdo 

At full load the fuel cell power is 1 kW and the dcdc converter efficiency is around 36.5% 
and the dc voltage is 375 V whidbi gives the minimum resistance min(jRree) = 1^ ^• 
The transfiEsr system transficr ftmction for the voltage control loop then becomes: 



where 0 ^ foq>i—^g). Again Hob PI oontroller can be written as 



(5.51) 
(5.52) 
(5.53) 

(5.54) 



i 
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b) 

Figure 5.16: Root locus of vo/tage Joop indndbig delay, a) Different inte- 
gration thnes, b) a zoomed view and c) a zoomed vitsw near the desired poJe 
placements. 



Poles 


Zeros 






0.0025 


0.9975 


0.0166 


400 


0.9982 ^i0.0018 









Table 5,4: System poles and zeros of the voJtago control loop 
The open loop taransfer function including delay: 



(5.55) 



Rg. 5.16 show the InfluMiCB in the root locus ty varying the integration time. 
The root locos passes the desired pole location when Ti = 400 • which is shows in fig. 
5.17. 

At a proportional gain at JT, = 0.0166 the polea and zeros of the dosed loop are listed in 
tab. 5.4. 

Fig. e.l8.a ahows step tha reaponse of the curteat control Qrstem (red) and the desired 
step response (blue). The dynamics are a hit different to the specified performance due the 
the extra pole added from the unit delay. Again, the real pole and tha real zero can be 
compensated in order to make the dynamics match tiie specifications. 
Fig. 5.18.b shows the step response *with and -without compensation. 
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-UL. 



0 




Figure 5.10: PTVM with mipolsa voi^ switching. Peadiime lis axduded 
firozn the ^gurs. 



5*7 Inverter Modulation 

Shown, in fig. 5.19 the hxvertcr realises the voltage Vf by modulating the Ewitches. Heie 
uxu[x>olex modulalion is Tided in order to minimizfi the number of avtfitGhliig insteaoes per 
switch cycle. Only one branch is switched for each half Qydc of the grid periods The gate 
signals aDd the corresponding vectors^ are listed. The vector sequences are 



IX 10-* 11 fbrva*>0 (S.56) 
11 01 11 for < 0 (5.57) 

The code implemented in Saber to Emulate the unipolar modulation is shown in fig. 5.20. 
Deadtune compensation is duded in fig. 5.20. 

^Tlie term vector should not be thou^^t of m a apaco vector. It la merely a ooovwdent designation for 
the inverter switch states. 
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£lgure 5.20: SABER code for the uzxfpoZBr inverter modulation. 

6.8 Simulation analysis/results 

This section demonstrates the perfomaoioe of the deeSgmed controllers 1>y simulation. Sev- 
eral cases have been investigated: 



• The necessity of indudmg a damping' resastor. 

• Which of the designed controllers to use* 

• Grid current per£Dnnance vnth different grid impedances. 

• Grid cinrant performance "with distorted grid. 

IdeaQy, all combinations of these vsoiables should be tested. Figure 5.21 shows the grid 
current when a distortion in the grid voltage is introduces. This distortion has a £req^en<^ 
at 4XHz which practicany corresponds to the resonance frequency of the LCL filter. 

The first line period (0-20ms) is simulated vdthout damping but at timB»20ms a damping 
resistor is added, and at time^Oms the distortion is removed. It is obviously from this 
simulation how effective the damping is. Without testing with a distortion voltage aLiound 
4Jcfl2 this possible instability could not be known until it appears in reality. But the 
increasing coxiducting resistance of the coils In the LCL filter due to skin effect could be 
enough to damp the filter. This has not been verlfiied and a damping r^stance of 38^ has 
been chosen. 



93 



DANFOSS PATENT DPT. ■> pi^^I 



'02 lfl:01 PAX 7488200^B DANFOSS PATENT DPT* pJ^PdIREKTORAT 

Modtaget 

5.8. SfanQlatUm analysls/rafiuHa ^ ^ ^^^^ 

PVS 




Figure 5,21: Currtait loop perfonnanCB wbm simnse voltage dose to tbe fi/tor 
resonance irequency is mjected in the grid vcfltage. The upper plot sbowa the 
du^ qyc/e, the zaiddle plot 5haw$ tie grid current, the reference current and 
the corrant error. The lower plot shows the inner inductor current (xnTCrter 
current;. Rrom a-20n2S: The djsturb&oce is active and no damphig are used. 
Rom 202nsr40ma: damping is added, and &mn 40ms-60nz5; the disturbance is 
removed. 
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Chapter S. ^iverier control and modulation 

5.8.1 Grid current performance 

First, perfwmHnce of the three current controlleis in fig. 5.13 is shown -with and without 
oompensation. Kg. 5,22 shows the grid coneat perfonnanca without eonipensa.tion. Hie 
simulations ai* pei&nned at lOOOW and eadi plot ^uma the leferance current, the gnd 
current and the error coireat. 

Kg. 5.23 shows the same sinralationg as in fig. 5.22 but here is compensation used. la 
addition, the cnrrent reCereooe mgnal beSare and aftex the compensation is ahotmoi. 

The current controHer parameters Ti = ST. and K, - 14 seems to provides the best results. 
Thus, the best grid current perfonnajwe is achieved with the same controDer parametsts 
as found by the ample LR mod^ The major difference between non-oompensated and 
compensa*ed simuIaHons are a little phase shift on the grid current in the case without 
compensation. 

Based upon these dmulaticai results it is Aasea to use T, - ST, and JTp = 14 as PI curraat 
controller parameters. 

Pig. 5.24 shows the performance of the cuzrent controDer a di&rent pciner levels. It can 
be seen that the performance is adequate in that power range. 

5-8.2 DC voltage controller performance 

Pig. 5.26 shows simulated performance of the dc voltage centroDer. The upper plot shows 
the grid cuzrent and the output of the dc Imk controlkr (smpUtude command /do), the 
middle plot shows the dc-wltage error and the tower plot shows the reference do voltage 
the dc voltage and partly the absolute value of the grid voltage. A step up In the input 
current (rectified curr«snt) is added at time 0-4 s and the dc voltage is almost settled after 
250m8 which oorrespraidB to 2500 samples. A atep down in the rectified current is added at 
time 0.75. The sestep np« shows that the dc voltage does not exceed the mi.vTTnum limit 
and the sestep down® shows that tiie do voltage does not fell hdow the peak of the grid 
voltage and thereby risking to shut down the system, shortly. 

5.9 Conclusion 

This chapter have described the control of the grid connected inverter. Special attention 
have been placed on the current control of the LCL filter. Two controllers have been 
designed and tested via simulations. The current controller have been tested with and with 
out background distortion of the grid voltage. In addition, the current controller has also 
been tested with different line impedanzea and it seems to be operating properly in every 
situation. The dc voltage controller has also been tested successfully via simulations. Both 
controllets are cooventional PI controllCTs. 
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Figure 5.22: Grid and inverter current witii censtwrt current amplitude inf- 
erence vmtboat compensation. The power level IkW. SimvdAtions a),c) and e) 
are with idea! grid w7tage and Emulations b),d) and f) are with dMozted grid 
voltage. 
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Figure 5.23: Ckid aad iov«rter evawt with constant ament amplitude ref- 
ermce Witt campmsatfon. TOa power Jevel IkW. Simulations a),c) and e) are 
wfth WeaJ grW volt^ and aimolatians b),d) and f) vitb distorted gtid 
voltage. * 
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Fissure 5.24: Ond and Snveiri&r cunent with constant cmrent taaplitude ref^ 
erence witbovtt compensation: a) Ss b) are for lOOOW, c) & d) (or 600Wand e) 
& f) for 300W. Simulstiona a),c) aad e) are witii ideal sinuoidal gdd voltage, 
and ^vl^tions b),d) and f) are with distorted grid vintage (see. Sg. 5.La). 
AU plots includes three line periods and the grid impedance is changed for 
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Figure 5.26: DCUDc ooabcol. 
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Chapter 7 

Evaluation of the first GPI prototype 
- and next generation 



THIS CHAPTER evaluates the performaace of the first Green Power Invertex end this 
prototype will be referred to as the open-prototype due to the open cosstnictlon. 

7.1 Converter Efficiency 

Tab. 7-1 shows the overall pafoimoDce of the opea prototype over the whole power range. 
It should be noted that the VLT fian was ronning at the three highest power levels. 



II ^ 

II Ppo 


ower IV 


/] 

PgTid 




lency 

Vinv 


%] 
VoPi 


Grid perfc 
THDj |%] 


irmaace 
PF [%] 


101.9 

mA 


96.2 
191,1 


74.6 

166.5 


94.4 
96.3 


77.6 
87.0 


73.2 
83.9 


36.6 
18.5 


90.6 
97.5 


303.7 
400.9 


293.0 
388.3 


268.5 
360.0 


96.5 
96.8 


91.3 
92.7 


88.4 
89.8 


10.3 
7.8 


99.1 
99.5 


502.6 
601.7 


485.1 
580.5 


455.1 
645.9 


96.5 
96.5 


93.8 
94.0 


90.6 
90,7 


7.0 
6.7 


99.7 
99.8 


702.3 
804.8 


676.6 

766.7 


637.1 
726.6* 


96.2 

95.3 


94.3 
94.8 


90.7 
90.3 


6.6 

4.0 


99.8 
99.8 


902.1 
1001.0 


850.7 
923.8 


802.9* 
870.4t 


94.3 
92.3 


94.4 
94.2 


89.0 
87.0 


3.9 
3.8 


99.9 
99.9 



Table 7.1; Measured overaff GPI performance. Background distattion at the 
Snd yoltaffs is eiuund THDy =3%. f VLT fm was rwning. 

In tab. 7.1 Ppc la the power enteting the DC-DC converter, is the power out from 
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200 900 400 SfiO 600 700 800 000 1000 



Figure T.li Measoredf overall GPl pafxmance indutiiBS VLT poamr suppljr. 
Power losses ia the systan and b) eSSdency. 
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the DC-DC converter aad fa the power ddivered to the grid. The efficiency of the 
DC-DO converter vdodo, the efficiency of the VLT are listed abne with the overall 
GPI effidKicjr rjopT' Power loss and effleIeo<9r fiom tab- 7-1 are visualized in fig, 7.1. 
It should be noted that the Inverter effidenqy listed in thlg diapter indudes inteznal VLT 
svpsfy and ha power. Fig. 7.2 illustrates the laboratoiy ^em. 



Grid 




Figure 7.2: Sdiemaiie of the implBoentod labatatary system. 



As can be observed from this figure, the VLT includes an internal power supply wWch 
is not intended to be a part of the system. This power Biq>ply decreases the measured 
effldenoy. Since this power supply will not be induded in a final GPI the inrorter. Thus, 
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tlie inverter and the GPI efficien<y in tab, 7.1 and in fig. 7.1 are not realistic numbers and 
these numbeis shoiild be corrected in order to give a realistic value (this will be illuatrated 
later). From tab. 74 and fig. 7.1 it Is obviofus that the GPI effi<nency peaks at the desired 
pofwer level at 600 W. 

7.2 Grid Performance 

Fig. 7.3 shows the grid current and gdd voltage at 600W and lOOOW respeofcively. This 
figure illustrates the resistor atnulation as the grid current and voltage ia in phase and the 
waveshapes are alike. The are some high frequency oscillations in the grid current at the 
switdung frequency. This osdUation are due to noise in the feedback in the prototype. 
Especially the feedforward of the grid voltage (of. fig. 5.8 on page 85) ia relative soisitive 
to noise. This can a^d must be improved in the next generatioin. 



S : J * 


• • • * I ' 


r { ■ ^ 


... f ; 


- t.^^.t I 



a) 




31 Mtrae» 



Figure 7«3: Grid current at a) €OOWand b) lOOOW. 

Fig, 7-4 shows the grid performance of the GPI in tenns of power factor and current THD 
(the numbers are boxa tab. 7.1). 
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Power CW] Power CW] 



Figure 7.4: Power factor ftnd rBTD/ 

7.3 Fuel Cell Voltage Control 

The previous results h«.ve treaded steady state operation in tenns of fud ceQ voltage and 
current. The GPI must follow a voltage reference set by the fiid cell control system by 
adjusting the &iel cell current. Fig. 7,5 shows a step in the fuel cell voltage reference. The 
figure shows the input azid the output of the GPI: the fuel cell voltage and the grid current. 
The fuel cell voltage is ramped slowly and the rami^nng time changeable by software. The 
ramping time in the present prototype Is set to around 30 seconds from the lowest power 
level to peak power. 




Figure 7.5: FUel ceU vohagB control YsHow: iue! cell voItagOt green: gnd 
curreof. 
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a) 





Effideaqy 1% 




Power rWl 


Meafliir^d 


Bsfcimated 


Demands 


100 


73.2 


86.9 




200 


84.0 


91.1 




300 


88.4 


93.0 


90.0 


400 


80.8 


9S.3 


0 


500 


90.5 


93.3 


0 


600 


00.8 


93.1 


93.0 


700 


00.6 


92.6 


0 


800 


90.4 


92.1 


0 


900 


89.0 


90.6 


0 


1000 


87.0 


88.4 


88.0 



b) 



Figure 7.6s Effidenqjr evaluation and estimaJUon Jbr next gmeraiJon, a) 
BIuBmeasuredf red:compeD8ation lor power consumption in VLT and gre^o: 
demands. 



7.4 Improvements for next generation 

Fig. 7.6.a shows the measured efficiency, tte requirementa and the estimated efBciency by 
compensation of the VLT power supply: The VLT power consumption has been measmed 
and replaced by the meaamred power consumption of the designed 8MPS (of. chapter 2). 
As can be observed, the efl5iaency will fulfill the requhrements by rcpladng the VLT hy an 
integrated inverter. 



7*5 Conclusion . 

The performance of the first open-proto<?ype has been veriaed by measurements. The 
efficiency is high in a wide input power range but due to an additional powcsr supply in the 
VLT the measured efficiency Is not realistic numbers. Adjusting for the power cOTsumption 
from the VLT pofwer supply alcme makee the GPI meet the speciflcatlons for efficiency. The 
grid performance is high in the whole power range with a near unity power factor. Dynamic 
operation hsve also been verified a step in the fuel cell voltage.Thus, the expected GPI 
fulfill the requirements regarding effi^ency and grid perfoimance. 
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Henrik Dahl S0rensen 
Niels Ravn 
Lone Hartung 
Lone Hartung 
Steen Halk Pedersen 
• Off.:Dlrekt0r Mogens Kring 



Supplerende 
opiysninger: 

Patent- og Varemaerkestyrelsen 

Helgesh0j AII^ 81, 2630 Taastrup 

nr. 43 50 80 00 (Telefontld: man-fre 9-16) 

Fax: 43 50 80 01 

E-mail: pvs@dkpto.dk 

WEB: www.dkpto.dk 

Laesesal man-fre 9-14, tor 9-16 

Kassen man-fre 9-14 

Dlrekt0r Mogens Kring 

Patent- og Varemaerkestyrelsen udsteder patenter samt reglstrerer 
brugsmodeller, varemaerker, design og halvledertopografl (ciiips). 
Desuden fungerer Patent- og Varemaerkestyrelsen som offentligt 
bibllotek og har en lang raekke tllbud om service. Information og 
kurser. Styrelsen er ogsS modtagende myndlghed for 
Internationale rettlghedsansogninger 
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Branche 

Faggrupper 

• Brancheorganlsatloner og videncentre (grafisk & marketing) 

• Brancheorganlsatloner og videncentre (IT-branchen) 

• Brancheorganlsatloner og videncentre (kemlsk) 

• Brancheorganlsatloner og videncentre (metal & piast) 

• Brancheorganlsatloner og videncentre (transport & emballage) 



http://wvm.kralc.dk/smntR/firrn anrnfii/r J A cirri ir a oi^9T?"\rD — Q f\f\n 1 An a—., ,1* : J^t^t ttx ttt t 



Side 2 at 2 



• Patei 




luer 




• Varemaerkereglstrerlng 



Stikord 

• Bmgsmodeller, beskyttetee 

• Design, beskyttelse 

• Kurser, Industrial eneretsbeskyttelse 

• Patenter, beskyttelse af 

• Varemaerker, beskyttelse 



Administrativ inddeling 



Administrativ inddelfng 

Kommune: 
H0je-Taastrup 

Amt: 

K0benhavns Amt 

Politikreds: 

7. politikreds Glostrup 

Retskreds; 

11. retskreds Taastrup 
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Tills Page is Inserted by IFW Indexing and Scanim 
Operations and is not part of tlie Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

^^IMAGE €UT OFF AT TOP, BOTTOM OR SIDES 

□ FADJSD TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 



□ OTHER: 



^ ^FERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



